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the modified chemical vapor deposition process (MCVD). This process is
described In U. S. Patent Technical Field
4.217,027 issued to J. B. MacChesney and P. B. O'Connor on August 12, 1980,
and in U. S. Patent The invention pertains to single mode optical   5
4,262,035 issued to R. E. Jaeger et al on April 14, fiber.
1981. See also U. S. Patent 4,331,462, issued to Fleming et al, May
25,1982. Background of the Invention                             This
application is only concerned with single mode fiber. As is well known,
such fiber generally Optical fibers have become of immense com-   10
comprises a central region of relatively high refrac- mercial importance in
recent years because of their  tive index (the core) that is contactingly
surrounded use in optical communication systems. Such corn-     by one or
more concentric regions of relatively low munication systems have a number
of advantages       refractive index (the cladding). In essentially all
over conventional communication systems includ-      communication grade
fibers in use today, the core ing extremely large bandwidths and high
informa-  15  and at least the inner cladding portion consist of tion
transmission rates, easy availability of raw ma-  low optical loss
silica-based material. Such clad- terial for fiber fabrication, easy
adaptability to pulse  ding material (herein to be referred to as the "low
[err] modulation transmission, etc. Precise manu-   loss" cladding
material) can be produced by any facturing standards and structure control
are re-    appropriate process, and is currently frequently quired for the
fabrication of optical fibers to ensure   20  formed in situ by means of an
appropriate reaction transmission of optical signals through such fibers
and deposited on an appropriate substrate. Cur- with a minimum of loss and
dispersion. Improve-     rently used fiber typically also comprises an
outer ments are still being made so as to increase band-  cladding portion
that consists of relatively high op- width, required repeater-station
spacing, ease of   tical loss material (e.g., having a loss in the order
manufacturing, etc. Indeed, precise design and   25  of 100 db/km). This
"high loss" cladding material control of optical fiber properties for
various ap-  can, for instance, be derived from a pre-existing plications
are an ongoing activity for those involved  silica-based tube, or from
silica-based overclad. in optical fiber manufacture.
Fibers typically are designed such that the "high At present, there are two
types of optical fibers  loss" cladding material plays substantially no
part contemplated for use in optical communication sys-  30  in the guiding
of the optical radiation. The radius tems. One type of fiber, the so-called
single-mode  defining the boundary between the "low loss" and fiber, has a
relatively small core region and a     the "high loss" cladding material is
herein des- relatively large cladding region of lower index of  ignated
as[err]. refraction. This results in a fiber with characteristics
Improvements in the design of single-mode such that only one
electromagnetic mode is trans-  35   optical fibers are highly desirable
both as to im- mitted with low loss. The advantage of single-mode   proving
transmission characteristics (loss, band- rs is their large bandwidth,
relatively low disper-  width, dispersion, etc.), improving the ease of
sion, and relatively large spacing requirements be-  fabricating the
optical fiber and reducing the critical tween repeater stations. The other
type is the so-   nature of the parameters of the optical fiber. In called
multimode fiber.                        40  particular, low-loss fiber
designs in which the dis- In both types of-fibers, optimum performance
persion  minimum  (or zero)  occurs  at the in terms of low loss, low
dispersion, high band-    wavelength where losses are minimum are highly
width, etc., depends critically on the index of re-  desirable. Also, for
wavelength multiplexing appli- fraction profile. This optimum index profile
may be  cations, fiber designs which minimize dispersion different for
different wavelengths, types of optical  45  over a given wavelength range
are highly desirable. fibers, etc., and may be different for fibers de-
In addition, it is desirable to adjust the fiber param- signed for
different applications (e.g., maximum     eters to minimize losses, ensure
good mode con- bandwidth, maximum  distance between repeater       finement
and to reduce the susceptibility of the stations, etc.).
fiber to bending loss. Low loss, single-mode fiber A variety of methods
have been used to make   so  structuers have been described in a number of
optical fibers. These methods have been reviewed     references including
U. S. Patent 4,435,040 issued in a number of references including, U. S.
Patent    to L. G. Cohen et al on March 6, 1984 and U. S. 4,257,797 issued
to M. J. Andreico and J. B. Mac-    Patent 4,447,127 issued to L. G. Cohen
et al on Chesney on March 24, 1981, and U. S. Patent          May 8, 1984.
4,302,230 issued to J. B. MacChesney et al on   55      A variety of fiber
structures have been de- November 24, 1981.
scribed in the literature. Many of these structures One  particularly
advantageous  method  of      have been discussed in a book by L. B. Jeun-
fabricating optical fibers is usually referred to as  homme entitled
Single-Mode Fiber Optics, Princi- 2    
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Marcel Dekker, Inc., New     within the cladding of the fiber. Herein core"
is arly interesting single-mode    used in the conventional manner, to
refer to the fiber with multiple-clad structure is described in U.
(relatively high index) central region of the optical S. Patent 3,997.241
issued to S. Nishida et al on   fiber which contains, at [err]a substantial
portion December 14, 1976. Also of interest is a fiber   5   (e.g.,
typically more than about 50%) of the optical structure, disclosed by V. A.
Bhagavatula in Eu-    power in the fiber. In general, the invention in-
ropean patent application published on July 20.     cludes a variety of
index profiles for the core 1983 (Application Number 82306476.1), with a
core   region and a variety of index profiles for the clad- and cladding in
which the core includes a de-       ding region. The trench region is
separated from pressed refractive index region. See also the Eu-  10  the
core region by a first cladding region. The fiber ropean Patent Application
Number 84303402.6,        can be made by a variety of processes including
published on December 5, 1984.                      the modified chemical
vapor deposition process It is frequently desirable In a single-mode op-
(MCVD) referred to above. tical fiber used for light-wave communications
sys-    The inventive optical fiber is adapted for single tems to have a
reasonably wide wavelength range   15   mode  operation  at least at one
operating with zero or near zero dispersion at a wavelength   wavelength
[err]. It comprises a core and a cladding of low-loss operation
(exemplarily including 1.55   that contactingly surrounds the core. The
core has m). It is frequently also desirable with such a   a refractive
index profile [err](a) ( a herein is the design that the optical fiber
provide low-loss,      radial fiber coordinate) and a radius [err]. The
clad- single-mode propagation over a reasonably wide   20  ding is
typically considered to extend from [err]to at wavelength range around the
intended operating      least [err], a radius that is defined by the
requirement wavelength of the communications system, have a     that at
[err] only [err] of the integrated mode power spot size which permits easy,
low-loss coupling     extends into that part of the fiber cross section
that between fibers, and exhibit relatively low bending  has a > [err]. The
cladding comprises a first cladding loss.
25  region that extends from [err] to a radius a2 and has Among other
generally desirably characteristics  a refractive index n2(a), an index
trench that ex- of a single mode fiber design are relative insen-  tends
from a2 to a radius [err] and has a refractive sitivity of the propagation
characteristics of the  index n3(a), and a second cladding region that
fiber to small variations in one or more fiber param-  extends outward from
[err]and has a refractive index eters, and a relatively small slope of the
dispersion   30  [err](a), with [err]The maximum value vs. wavelength curve
of the fiber at and near the   of n3(a) is less than the minimum value of
n2(a), zero dispersion wavelength [err] of the fiber. Desir-  and is also
less than [err]  the refractive ably a fiber design also requires only a
relatively  index of the second cladding region at the bound- small
thickness of "low loss" cladding, to achieve a  ary with the trench. The
first cladding region, the predetermined performance specification
(typically  35  trench, and optionally the inner portion of the sec-
bending loss and/or attenuation), since the cost of  ond cladding region
are "low loss" material, and "low loss" cladding material is typically much
high-  the refractive index of this "low loss" material typi- er than that
of "high loss" cladding material. A still  cally is everywhere less than
the maximum value other desirable characteristic of a fiber design is  of
[err](a). the ability to achieve desired propagation char-  40   The trench
parameters (e.g., [err] and [err](a)) acteristics with a relatively low
doping level in the  are chosen such that one or more fiber characteris-
core, since the scattering loss of an optical fiber  tics are improved,
relative to a second optical fiber generally increases with doping level.
In some      that does not have the trench. Among the fiber cases it is
desirable that a fiber has a relatively  parameters that can be improved by
means of a broad spectral region of low chromatic dispersion.    45  trench
are: the slope of the curve of chromatic In view of the commercial
significance of single  dispersion vs. wavelength at the zero dispersion
mode optical fiber, a relatively simple design fea-  wavelength [err](it
can be reduced); the spectral ture that results in, or improves, one or
more of the  range over which the absolute value of the chro- above
described desirable characteristics of optical  matic dispersion is less
than a predetermined value fiber is of considerable interest. This
application   50  (it can be increased); the maximum absolute value
discloses fiber designs that comprise such a fea-   of the chromatic
dispersion in a given spectral ture.
range (it can be decreased); the bending loss at a given bend radius (it
can be decreased); the ratio Summary of the Invention
[err](it can be decreased); the optical quality of 55  the tube-derived
material (a lossier, and therefore The invention as claimed in claim 1 is a
single  cheaper, material can be used); the integrated mode optical fiber
with a depressed-index ring or   mode power at ad (it can be decreased);
the dop- trench region outside of the core of the fiber and  ant
concentration in the core (it can be decreased, 3    
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lower scattering); and the de-  inner radius of the outermost trench is
less than a [err]of [err] on the core radius (it can be           [err] it
is clear that [err] the fraction of the total decreased, resulting in
improved manufacturabl-       optical power that propagates in the fiber
beyond ity). Under appropriate circumstances, an index       that Inner
radius is typically substantially greater trench may also be used to shift
[err] to a shorter   5   than [err]. wavelength.
As is well known to those skilled in the art, The notation "n(a)" is
intended to convey that    actual fibers have index profiles that generally
dif- the refractive index is a function of the radius (but  fer to some
degree from  the idealized profiles not excluding a constant index).
However, for sim-    typically depicted in the literature and also herein.
plicity's sake, refractive indices are also denoted  10   The departures
from the idealized profiles are due herein by n, without intending to imply
constancy     to unavoidable manufacturing limitations (e.g., the of the
refractive index as a function of radius.      central dip in the core of
some fibers is typically Viewed broadly, the invention is a first optical
due to loss of dopant during preform collapse) or fiber that comprises one
or more refractive index     due to the physics of the manufacturing
process trenches. The trench(es) is (are) chosen such that   15  (e.g.,
dopant diffusion results in a rounding of sharp one or more characteristics
of the first fiber are    features of the index profile). These departures
improved, without substantial adverse effect on oth-  from ideality are
well understood and despite their [err] characteristics. The improvement is
relative  existence, the properties of actual fibers typically to the
characteristics of a second (reference) op-    closely follow the
calculated properties of fibers tical fiber that closely resembles the
first optical  20   with "ideal" index profiles. fiber (both in terms of
structure and transmission properties) but does not comprise the trench (or
Brief Description of the Drawings trenches). Herein a statement that "the
first and second optical fibers are identical except for cer-      FIG. 1
shows a cross-section of an optical fiber tain stated differences" is
intended to indicate that  25  made in accordance with the invention; the
two fibers are essentially the same in all re-       FIGS. 2-4 show the
variation in index of refrac- spects (including composition, index profile,
and       tion with radial distance for exemplary inventive transmission
properties such as optical loss). Typi-    fibers; cally, the second
optical fiber has, inter alia, the     FIG. 5 shows the measured index
profile of an same values of ni (a), [err] and [err]as  exemplary fiber
according to the invention; the inventive (first) fiber, but [err](a) =
[err](8 = 82) in   FIGS. 6 and 7 show, for an optical fiber structure
thesecond fiber That is to say, the second fiber      as shown in FIG. 3,
the wavelength of zero refractive index in the region from [err] to as is
dispersion vs. core diameter for various maxi- constant and equal to the
value of [err](a) at [err].         mum core indices; Somewhat different
profiles for the second fiber   35    FIG. 8 shows, for an optical fiber
structure as may be appropriate in some cases, as will be             shown
in FIG. 3, the wavelength of zero disper- 'cated below.
sion vs. core diameter for var ious trench spac- Although the discussion
herein is generally in         ings from the core; terms of a fiber with a
single trench of nominally       FIGS. 9 and  10 show  the dispersion vs.
rectangular cross section, designs that comprise   40   wavelength for
several core radii for a fiber more than one trench are also contemplated.
With        structure such as is shown in FIG. 3, with and such designs it
may be possible to simultaneously       without trench, respectively;
advantageously affect more fiber characteristics         FIG. 11 shows an
optical communication system than is possible with a single trench.
Typically,        including optical fiber; such further trenches are
located in the fiber region   45  FIG. 12 schematically depicts a further
exem- outside of [err] Furthermore, a trench need not have       plary
refractive index profile of fiber according to a nominally rectangular
cross section but can have      the invention; any other appropriate cross
section (e.g., nominally     FIG. 13 gives data on the bending loss of a
prior trapezoidal), including a compound cross section         art fiber
and of a fiber according to the inven- as exemplified in FIG. 12.
50      tion; In all cases the trench(es) is (are) placed such     FIG. 14
shows a prior art refractive index profile; that the presence of the
trench(es) has an effect on     FIG. 15 shows the integrated mode power as
a the optical properties of the fiber. This requires that  function of
[err] for the fibers of FIGS. 14, 16 (at [err] a substantial fraction of
the total optical     and 17; power that propagates in the fiber extends
beyond   55   FIGS. 16 and 17 schematically depict two inven- the inner
radius of the outermost trench. The frac-      tive refractive index
profiles; tion may be as large as [err] or even larger, or          FIG. 18
shows a further prior art fiber profile; may be as small as [err] or even
less. Since the 4    
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schematically an inventive fiber   any of the other indices of at least the
deposited profile:                                            portion of
the cladding. Second, the maximum in- FIG. 20 shows a still further prior
art fiber profile;  dex of the trench region is less than the minimum FIG.
21 shows schematically a further inventive     index of the first cladding
region and the index of fiber profile; and                             5
the second cladding region at [err]. FIG. 22 shows the dispersion curves
for the             A significant feature of the inventive fiber struc-
fibers of FIGS. 20 and 21.                          ture is the existence
and ture of the first cladding region separating core region from the
trench re- Detailed Description                                   gion. The
thickness of this region may vary from a 10   minimum determined by
feasibility in fabrication of The invention is a single-mode optical fiber
the fiber (about one micron) to a maximum consis- with at least one index
trench (or depressed-index     tent with the requirement that the trench
structure ring) outside the core region. In broad terms, the     affects
the propagation characteristics of the fiber. invention involves the
inclusion in a single-mode      The indices of the various fiber regions
may vary, fiber design of at least one index trench in the   15   provided
said indices adhere to the restrictions set cladding region in such a
position that it affects the  forth above and below. Indeed, index of
refraction optical propagation characteristics of the fiber. The  variation
wthin the core region is often used to ncipal advantage of such a fiber
structure is the     adjust or optimize various optical characteristics of
ease of adjusting fiber characteristics by adjust-    the fiber. Often, the
maximum index occurs at or ment of trench placement, trench width, trench
20   near the center of the fiber and the index de- refractive index, etc.
It permits design of fibers for  creases continuously to the edge of the
core. useful wavelengths (exemplarily the region around         The regions
defined above apply to the part of 1.31 and/or 1.55 [err]) with excellent
fiber char-       the fiber affecting propagation characteristics of the
acteristics without significant detrimental features.  fiber and does not
preclude use of various cover- The optical fiber of the present invention
may   25  ings (glass, plastic or other material) used to pro- be described
as follows: the fiber is made up of       tect the fiber but not
substantially affecting the concentric regions of transparent material with
dif-   propagation characteristics of the fiber. Generally, ferent indices
of refraction and radial thicknesses.  at a fiber radius where the power
outside the radius Typically, there are at least four regions which
is less than [err] of the power inside the radius, affect the propagation
characteristics of the fiber.  30  fiber material will not significantly
affect the optical There is a core region with refractive index [err](a)
propagation characteristics of the fiber made In and radius [err]; a first
cladding region with index [err]-  accordance with the invention. (a) which
extends from radius of [err] out to a radius       FIG. 1 shows a
cross-section of an optical fiber a2; a trench region with index [err](a)
extending out     10 made in accordance with the invention. The from [err]
to a radius a3; and a second cladding   35   optical fiber is made up of
various regions of trans- region with index [err](a) extending from [err]
out at       parent material generally distributed with axial sym- east to
a previously defined radius [err].                 metry around the center
axis of the fiber. The For some purposes, it may be desirable to
different regions are defined by their index of re- provide still further
propagation - affecting fiber    fraction which need not be constant within
each regions, e.g. one or more further trenches within   40  region. The
optical fiber is made up of a core the critical portion.(of radius < [err])
of the fiber. The  region 11 with index [err] shown in the center sur-
principles of the invention can be easily extended    rounded by a first
cladding region 12 with index of to the use of multiple trenches.
Therefore, most of    refraction [err]. The first cladding region 12 is
sur- the discussion herein will be in terms of a single     rounded by a
trench region 13 with index [err] and in trench.
45  turn the trench region is surrounded by a second The index of
refraction within each cladding       cladding region 14 with index [err].
Other coatings, region need not be constant but may vary as a
including glass coatings, may surround the outer function of radius.
Various preferred embodiments      cladding  region  14  for protective
purposes, are described which can exhibit low loss and favor-    strength,
ease of handling, etc., but do not affect able characteristics for a
particular wavelength re-   50  the propagation properties of the optical
fiber. In gion (e.g., zero dispersion or low dispersion in a     many
applications, [err] and [err] are substantially wavelength region of
interest) and are relatively      constant. easy to fabricate. In many
cases the trench region        The index profile of a fiber often is conve-
is separated from the core by a region with rela-      niently described in
terms of the relative index of tively flat (nominally constant) index of
refraction.  55  refraction of the transparent material making up the The
structure of the fiber may be defined in       fiber. For small differences
in the index of refrac- terms of the index of various regions. First, the
tion, the relative index of refraction associated with maximum index of the
core region is larger than        the [err] fiber region is given by the
equation 5    
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realized that most of the index [err]     profiles set forth in this
disclosure are somewhat 2                             idealized, since in
actual fibers sharp transitions in index are typically smoothed out due to
the fabrica- 5   tion techniques used. FIG. 5 depicst the experi- Here,
[err] is a reference index of refraction (in cur-  mentally determined
profile of an exemplary inven- rent practice usually the refractive index
of un-   tive fiber with (nominally) triangular core 30, de- doped vitreous
silica) and [err] is the (sometimes)     pressed index first cladding
region 21, trench 22 variable index of the transparent material making
and matched index second cladding region 23. up the ith region of the
fiber.                10       Further preferences in the index structure
of It is instructive and convenient in understand-  the fiber are concerned
with the size (radius) of the ing the invention to describe a few simple
embodi-  various regions. First, the various regions typically ments of the
invention. FIG. 2 shows a graph of      have circular cross-sections with
[err] relative index of refraction vs. radius of an exem-  [err]. In
addition, the radius of the core region [err] is plary fiber made in
accordance with the invention.  15  typically between 1.5 and 10 [err], the
radial thick- The index profile comprises (step index) core 20,    ness of
the first cladding region [err] is from first and second cladding regions
21 and 23, re-     1/10 to 20 times the radius of the core region, and
spectively, and trench 22. In this profile, as well as  the radial
thickness of the trench region [err] is all other profiles depicted herein,
no attempt is  from one micron to about five times the radius of made to
represent indices and radii to scale and/or   20  the core region. The
minimum  radius or radial in exact relative magnitude. Exemplarily, the
sec-  thickness of the core, first cladding and trench ond cladding region
is made of undoped silica       regions, respectively, are generally
limited by con- glass, although other glass compositions may be
venience in fabricating the fiber. Wider trench re- used. For the example
given in FIG. 2 (where first   gions than the maximum given above may be
used and second cladding region have approximately  25   but the increased
width usually does not have a the same index), the first cladding region is
also   marked affect on the propagation characteristics of conveniently
made of silica glass, although other   the fiber. Similarly, the maximum
radial width of the glass compositions may be used. Germania is of-
first cladding region is limited by the fact that the ten used to increase
the index of refraction of silica  trench region should be close enough to
the core (e.g., in the core region) and fluorine is often used   30  to
affect the propagation characteristics of the fiber. to decrease the index
(e.g., in the trench region).     As stated above, the second cladding
region is -   FIG. 3 shows another exemplary embodiment        typically
only defined out to the radius where the of the invention. The figure shows
a graph of relat  integrated power outside this radius is less than ive
index of refraction vs. radius for a fiber where  10 2 of the overall
power. Considering this defini- the index of refraction in the core region
30 varies   35  tion, the radial thickness [err] of the second with the
radius. In FIG. 3, the index of refraction of  cladding region is typically
between 1.0 and 35 the core decreases linearly with radial distance
[err]. The overall diameter of the fiber is generally the center of the
fiber. This index variation is  between 60 and 200 [err], with 125 [err]
currently usually referred to as a triangular profile. Other  preferred.
Furthermore, typically [err]. index variations are useful such as a
parabolic,  40    Further preferences in fiber dimensions are as
trapezoidal profile, etc.                           follows: the core
radius (a,) is between [err] and 5 FIG. 4 schematically depicts a further
exem-     [err] the radial thickness (a2 - a,) of the first clad- plary
embodiment of the invention, a so-called de-  ding region is between 1/2
and 10 times the core pressed cladding design with triangular core pro-
radius (a,), and the radial thickness of the trench file. Both the first
cladding region 21 and the inner  45  region is between one and five times
the core portion 40 of the second cladding region are doped  radius. such
as to have a refractive index that is lower than   Optimum designs of
optical fiber index profiles that of the outer portion 41 of the second
cladding  can be deduced with the aid of computer-aided region (which is
frequently "high loss" undoped     modeling studies such as those outlined
by T. A. silica). As shown, the core 30 is up-doped, the first  50
Lenahan in an article entitled "Calculation of Modes cladding region and
the inner second cladding re-   in an Optical Fiber Using the Finite
Element Meth- gions are relatively lightly down-doped, and the    od and
EISPACK" published in The Bell System trench region is more heavily
down-doped. Typi-      Technical Journal, Vol. 62, No. 9, pp. 2663-2694
cally, regions 30, 21, 22, and 40 consist of depos-  (November 1983). As is
well known to those skilled ited silica-based material. Techniques for
produc-  65  in the art, such studies can be used to calculate ing this and
other fiber profiles discussed herein  substantially all significant fiber
parameters, e.g., are well known to those skilled in the art.         zero
dispersion wavelength, tolerance curves for the zero dispersion wavelength,
[err] mode 6    
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values [err], cut-off characteristics,  in a substantial broadening of the
wavelength re- mode power profiles, and minimum cladding thick-   gion  of
low  chromatic  dispersion  (e.g.. < ness requirements.
2ps/km.nm). The trench fiber also exhibits a lower The optimization
procedure will be illustrated  dispersion slope at the lower zero
dispersion with respect to a triangular core lightguide structure   5
wavelength than the reference fiber of FIG. 10, for such as shown in FIGS.
3 and 4. This type of fiber  at least some of the core diameters shown.
profile is useful for achieving low losses with dis-   For the index
profile of the type shown in FIG. persion shifting, and has other known
advantages.  3, the procedure described above shows a pre- A number of
competing design requirements       ferred index profile as follows:
[err]between 2.5 and enter into the optimum design of a fiber. For exam-
10o  3.5 arm, a2/a, between 1.5 and 3.5, as - a2 between pie, it is
desirable to minimize the dependence of  6 and 18 [err] and the second
cladding region [err] on core radius. Also, it is desirable to keep [err]
extending from as to ap and typically comprising an of the guided mode
large to insure low bending     inner "low loss" cladding region and
frequently an losses.                                            outer
"high loss" region. The preferred indices are For a fiber design of the
type shown in FIG. 3,  15  as follows: A, (MAX) from 0.5 to 1.5% with from
0.8 curves were generated for [err]vs. core diameter (d  to 1.0% most
preferred [err] and [err] approximately = [err]. These curves are shown in
FIG. 6 for [err]    equal to zero and [err] between.-0.1 and -0.6%. =
-0.35%, [err] = 1.5, [err] and             The profile geometries that have
been dis- various values of [err](MAX) between 0.7 and 1.0%.    cussed are
examples of mateched cladding struc- FIG. 7 shows the same type of curves
for the same   20  tures because the refractive index of the outer "low
trench located 3.5 core radii from the core [err] =  loss" cladding is the
same as the index of the 3.5). FIG. 8 shows the dependence of [err]on core
"high loss" cladding (typically SiO2). However, of- diameter, for the same
trench, [err]between 1 and  ten intrinsic fiber losses are limited by
scattering 3.5, and [err](MAX) = 0.9%. For the ranges of        effects
which depend on the core dopant con- parameters used, FIG. 6 shows that for
[err]> 1.4  25  centration (typically germania). Therefore, lower in- [err]
the value of [err] depends relatively strongly on  trinsic losses can be
achieved by lowering the core the core diameter. FIG. 7 shows that, for the
in-  dopant concentration and using fluorine as a dop- dicated parameters,
there exists a regime of [err] and  ant to depress the cladding indices
below silica in core diameters in which [err] depends relatively      order
to maintain the same relative index profile. weakly on core diameter. Such
weak dependence   3o   This material modification will have only a minor
implies good manufacturability, since a small vari-  effect on the
previously derived lightguide param- ation in core diameter results in
substantially no  eters. Fluorosilicate substrate tubes or fluorine-dop-
change in [err]. The improved manufacturability is    ed deposited outer
cladding may also be useful in due to the presence of the trench at an
intermedi-  this context. ate spacing from the core. This is also demon-
35    A typical depressed cladding index profile is strated by FIG. 8,
which shows that the depen-     shown in FIG. 4. Preferred dimensions and
indices dence of [err] on core diameter increases as [err]    are as
follows: [err] from 2.5 to 3.5 [err] from decreases.
1.5 to 3.5, as - [err] from 6-18 [err]and [err] from FIG. 9 shows
dispersion spectra vs. wavelength  1.0 to 35 [err]. for fiber of the type
shown in FIG. 3, with A, (MAX)   40  Exemplary index values are A, (MAX)
from 0.2 = 0.9%, [err] = -0.35%, [err] = 1.5, [err] = [err]  to 1.2%, with
0.7 to 0.9%  most preferred, [err] and different core radii. As the core
radius is re-  approximately equal to [err] and between -0.1 and duced,
power extends further into the cladding, and  -0.6% (for a < [err], and
[err] between -0.5 and -1.2%. the  trench  influences  dispersion  at
shorter        A further exemplary index profile of fiber ac- wavelengths.
The effect is to displace dispersion   45  cording to the invention is
schematically depicted spectra downward and move the two zero disper-
in FIG. 12. The fiber has a triangular core 30, a sion  wavelengths  closer
together  until the     depressed index first cladding region 21, and an
chromatic-dispersion curve becomes tangent to the  inner trench 120 of
compound cross section. The zero, dispersion axis. For even smaller
diameters  fiber also comprises a multi-region second clad- the
chromatic-dispersion curves move completely  50  ding region that comprises
depressed cladding 40, below the zero axis. For comparison, FIG. 10
an outer trench 121, a matched index "low loss" shows the dispersion
spectra for a second fiber    cladding region 122, and a "high loss"
cladding that has the same index profile as the fiber of FIG.  reigion 123
that extends beyond the outer radius [err] 9, except that the second fiber
lacks the trench.  of the cladding to the physical outer surface of the
These curves show the usefulness of the trench in  55  fiber (not shown).
improving the propagation characteristics of optical  In another exemplary
embodiment the first fibers. In particular, they demonstrate that, in this
cladding region refractive index (e.g., 21 of FIGS. particular case, the
addition of the trench resulted  2, 3, 4, or 12) is substantially larger
than the 7    
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of at least the inner portion of the  radius [err]  = 4.44 [err] (prior
art) and 4.69 [err] cond cladding region (e.g., 23 of FIGS. 2 or 3; 40
(inventive), power fraction beyond [err] of FIGS. 4 or 12).
(prior art) and 4.5x[err] (inventive), if [err] FIG. 13 illustrates another
advantageous fea-    [err] = 12.45 [err] = -0.03%, and [err] = -0.16%. ture
of the invention, namely, the ability to obtain    5   However, [err]  in
the prior art fiber is 0.27%, where- improved bending behavior. Curve 130
is the ad-     as it is only 0.25%  in the inventive fiber. Incor- ded loss
(due to one 10.5 mm diameter loop) of an    poration of the exemplary
compound trench into inventive fiber (with profile substantially as shown
the fiber profile thus makes possible lower core in FIG. 5), and curve 131
is the added loss of a    doping (which in turn can be expected to result
in prior art fiber that is essentially identical to the   10  lower Raleigh
scattering), while at the same time former but lacks trench 22 (i.e., the
first cladding  substantially maintaining the guiding properties of region
21 is extended out to the second cladding     the fiber. region 23). As is
evident from FIG. 13, the inventive   FIG. 20 shows a prior art fiber of
the type fiber has substantially lower added loss than the    disclosed in
the previously referred to European prior art fiber.
15  patent application No. 82306476.1 comprising core FIGS. 14-18
illustrate a further advantage of the  30 and a compound first cladding
region (211, invention, namely, the ability to attain improved   212), and
FIG. 21 schematically depicts a cor- power confinement. This in turn allows
reduction of  responding inventive fiber that comprises trench he thickness
of the "low loss" cladding, frequently  213 [err] = -0.2%, [err] = 2.5[err]
Both fibers have referred to as D/d (where D = [err] and d =[err].  20
substantially the same mode power distribution for Alternatively, improved
power confinement may        radii greater than about [err] However, as
shown by permit the use of a lossier (and thus generally      FIG. 22, the
inventive fiber has substantially lower cheaper) "high loss" cladding,
and/or may result in  (by about 17%) dispersion slope (curve 210) than a
lower loss fiber, as will be apparent to those    the prior art fiber
(curve 200), without a significant skilled in the art. Improved power
confinement may   25  shift in [err]. A low dispersion slope is of obvious
also permit a reduction of the overall fiber diameter  advantage. below
currently prevailing values.                      Although the fiber of
FIG. 21 has essentially FIG. 14 shows an exemplary prior art index      the
same [err] as the fiber of FIG. 20, in some cases profile having [err] = 8
and FIG. 15 shows, inter   it may be desirable to shift [err] (including a
shift to a alia, the integrated mode power distribution 140 for  30
shorter wavelength), and a trench can be used to the fiber of FIG. 14.
FIGS..16 and 17 show inven-    accomplish such a shift. tive fibers also
having [err] = 8 but com sing         It can be said in general that a
trench relatively trenches [err]respectively; a3 =       far from the core
may improve mode confinement, [err] having [err] = -0.4%. FIG. 15 also
shows the       improve bending loss, permit the use of lossler integrated
mode power distributions 160 and 170   35  "high loss" cladding material or
permit reduction in for the fibers of FIGS. 16 and 17, respectively. As
the overall fiber diameter, a trench relatively close can be seen from FIG.
15, the presence of the        to the core may result in a flattened
dispersion enches results in improved power confinement,         curve
and/or an increased region of low dispersion, with the wider trench being
even more effective      or move [err] to a shorter wavelength, and a
trench at than the narrower trench. The mode power confine-   40
intermediate distance from the core may result in a ment obtained in the
exemplary inventive fibers is   decreased slope of the dispersion curve,
without comparable to that obtained in a prior art fiber    substantial
effect on [err] or may reduce the depen- having D/d of about 10 but
otherwise identical to    dence of [err] on core radius and therefore
improve the fiber of FIG. 14. Thus, the presence of a trench
manufacturability. can make possible reduction of the thickness of the   45
The fibers described above can be incorpo- deposited cladding, may permit
use of lossier       rated into an optical communication system in a "high
loss" material (without increase in fiber loss),  manner well known to
those skilled in this art. An can result in lower fiber loss (with the same
D/d), or  exemplary communication system is schematically may permit
reduction of the overall fiber diameter.  shown in FIG. 11. The optical
communication sys- FIG. 18 schematically shows a prior art de-  50  tem 80
is made up of an optical source 81, which pressed cladding profile, and
FIG. 19 a closely      emits  radiation  at the  operating  wavelength
related inventive profile that has a first cladding  (typically in the near
infrared region, e.g., 1.3-1.55 region 190, a compound trench (191 and 192)
and     [err], an optical fiber 82 and a detector 83. The a second cladding
region 193. If both fibers have    light source is typically a laser or
light emitting the same value of [err] and [err] (18.7 [err],  55   diode.
Generally a pulse-type signal (pulse code as well as A -(-0.09%), then both
fibers can have    modulation) is emitted from the light source, trans-
substantially the same guiding properties (X0 =      mitted through the
optical fiber and detected at the 1.311, [err] = 0.00091, mode field
receiver. 8    
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[err] 1. An optical fiber, adapted for single mode op-     PatentansprUche
eration at an operating wavelength [err], of over- all radius greater than
[err] where [err] is a radius   5   1. Optische Faser, die fir den
Mono-Mode-Be- selected such that only 10-12 of the integrated     trieb bei
einer Betriebswellenlange Xp geeig- mode power of radiation of wavelength
XOp            net ist, mit einem Gesamtradius, der groler als extends into
the part of the fiber with a>ap,        a. ist, wobei ap ein Radius ist,
der derart where a is the radial fiber co-ordinate; the fiber   ausgewahit
ist, daB nur 10-12 der integrierten comprising
10       Modenleistung der Strahlung der Wellenlange a core region having a
refractive index ni -     XOP sich in den Teil der Faser mit a > ap (a) and
a radius a, ; and                            erstreckt, wobei a die radiale
Faserkoordinate a cladding that contactingly surrounds the      ist, wobei
die Faser enthalt: core and extends outward from a, to ap and
minen Kembereich mit einem Brechungsindex has a refractive index that
everywhere is less   15  n, (a) und einem Radius a,, und eine Umman- than
the maximum value of n, (a);                   telung, die den Kem
kontaktherstellend umgibt CHARACTERIZED IN THAT
und sich nach auften von a, bis ap erstreckt the cladding comprises a first
cladding re-      und einen Brechungsindex hat, der Uberall ge- gion (21)
that extends from al to radius a2 and      ringer ist als der Maximalwert
von nf (a), has a refractive index n2(a), an index trench   20  dadurch
gekennzeichnet, (22) that extends from a2 to a radius a3 and        daO die
Ummantelung aufweist: has refractive index n3(a), and a second clad-
einen ersten Ummantelungsbereich (21), der ding region (23) that extends
outward from a3       sich von ai zum Radius a2 erstreckt und einen and has
a refractive index nu (a), with a, < a2 <    Brechungsindex n2(a) hat,
einen Brechungsin- a3 <ap, and with the maximum value of n3(a)  25
dexgraben (22), der sich von a2 zu einem being less than the minimum value
of n2(a)           Radius a3 erstreckt und einen Brechungsindex and also
less than n4 (a = a3), the refractive       n3 (a) hat, und einen zweiten
Ummantelungsbe- index of the second cladding region at a3.           reich
(23), der sich von a3 nach aullen er- streckt und einen Brechungsindex n4
(a) hat, 2. The fiber of claim 1, wherein n3 (a) is substan-   30  mit
tially constant.                                    [err]ap und wobei der
Maximalwert von n3(a) niedriger ist als der Minimalwert von 3. The fiber of
claim 1 in which the core index         n2(a) und ebenfalls niedriger als
n4(a = a3 ), profile is nominally triangular, with [err] between    dem
Brechungsindex des zweiten Ummante- 2.5 and 3.5 [err] and the maximum value
of [err]   35      lungsbereiches bei a3, ist. is between 0.5 and 1.5%,
where [err] = [err] [err] with no being the refractive index of    2. Faser
nach Anspruch 1, silica.
dadurch gekennzeichnet. daS n3(a) im wesent- lichen konstant ist. 4. The
fiber of claim 3 in which a2Ia, is between   40 1.5 and 3.5. .
3. Faser nach Anspruch 1, dadurch gekennzeichnet, daB das Brechungs- 5. The
fiber of claim 3 in which (a3 - a2) is           indexprofil des Kerns
nominell dreieckf6rmig between 6 and 18 urm and A3 is between -0.1
ist, mit a, zwischen 2.5 und 3,5 uim. und der and -0.6%, where [err]
45       Maximalwert von At zwischen 0,5 und 1,5 % ist, wobei A, = 0n12 -
no2)/2no2, wobei no der 6. The fiber of claim 3 in which the core index
Brechungsindex von Quarzglas ist. profile is nominally triangular and the
refractive index of the first cladding region and of at least  4. Faser
nach Anspruch 3, a part of the second cladding region is less   50
dadurch gekennzeichnet, daB a2/a, zwischen than the refractive index of
silica.                 1,5 und 3,5 betragt. 7. The fiber of claim 3 having
additional trench    5. Faser nach Anspruch 3, regions within the second
cladding region.          dadurch gekennzeichnet, daBi (a3 - a2) zwi- 55
schen 6 und 18 iim liegt und A3 zwischen -0,1 8. The fiber of claim 1,
wherein the portion of the     und -0,6 % betrdgt, wobei Aa gleich (n32 -
no2 fiber having [err] (as herein defined) consists      )/2n02 ist. of
glass formed by a vapor phase reaction, and 1111111111111111111111111111111
17                EP 0 260 795 B1                    18 nach At~iruch 3,
a  La fibre de la revendication 1, dans laquelle le 



-ch gekennzeichnet, daB das Brechungs-        profit dOindice du coeur est
nominalement trian- ,profil des Kerns nominell dreieckformig       gulaire,
avec at entre 2,5 et 3,5 um, et la nd der Brechungsindex des ersten Umm-
valeur maximale de As est comprise entre 0,5 iungsbereiches und wenigstens
von einem    5   et 1.5%. avec A1 = (n2 - nr Y2nr, le terme no des  zweiten
Ummantelungsbereiches          6tant l'indice de refraction de la silice.
3rigor ist als der Brechungsindex von arzgtas.
4. La fibre de la revendication 3, dans laquelle a2/aS est compris entre
1,5 et 3.5. ser nach Anspruch 3,                    10 kennzeichnet durch
zusftzliche Grabenbe-     5. La fibre de la revendication 3, dans laquelle
(as iche innerhalb des zweiten Ummantelungs-         - a2) est compris
entre 6 et 18 um. et As eSt areiches.
compris entre - 0,1 et -0,6%. avec A3 = (A - ng y2nO . :aser nach Anspruch
1,                    15 Jadurch gekennzeichnet, daB der Bereich der    6.
La fibre de la revendication 3, dans laquelle le Faser    a < ad (wie
hierin definiert) aus Glas    profil d'indice du coeur est nominalement
trian- besteht, as aus elner Gasphasenreaktion go-        gulaire, et
l'indice de refraction de la premibre bildet ist, und ad kleinor odor
gleich ap ist.    region de gaine et d'au moins une partie de la 20
seconde region de gaine est inferieur a l'indlce rendlcations
de refraction de la silice. Une fibre optique, adaptee pour le fonctionne-
7. La fibre de la revendication 3. comportant des ment monomode a une
longueur d'onde de             r6gions de tranchde suppltmentaires dans la
.fonctionnement Xop, ayant un rayon global su-  25  seconde r6gion de
gaine. p6riour a ap, en designant par ap un rayon sktectionn6 tel quo
seulement la fraction 10-12  8. La fibre de la revendication 1, dans
laquelb la de. Ia puissance modale integr~e du rayonne-       partie de la
fibre pour laquelle a<aj (avec lbs ment de longueur d'onde Xp s'4tende dans
la        definitions donnees ici) consiste en verre for- partie de la
fibre pour laquelle a > ap, en   30   m6 par une r6action on phase vapeur.
et designant par a la coordonn~e radiale de la        ad~ap. fibre; la
fibre cormpronant: uns r6gion de coedr ayant un Indice de refraction ni (a)
et un rayon al; et une gaine qui entoure le coeur, en etant  3s &_ontact
avec ce dernir, et qu; s'etend vers rexterieur b partir de al jusqu'a ap,
et qui a un indice de refraction qui est infriour en tout point A la valeur
maximale de n, (a); CARACTERISEE EN CE QUE                 40 la gaine
comprend une premibre region de gaine (21) qui s'etend & partir de at
jusqu'a un rayon a2 et quli a un indice de refraction n2(a). une tranchte
d'indice qui s'4tend depuis a2 jusqu'a un rayon a3 et qui a un indice de
4s refraction ns(a), et une seconde r~gion de gai- ne (23) qui s6teond vers
Pextlrieur a partir de as et qui a un indice de refraction n4 (a), avec at
< a2 < as < ap, et avec la valeur maximale de ns(a) inferieure a la valeur
minimale de n2-  50 (a). et 6galement inf6rieure i rn (a = as),
c'est-b-dire l'indice de refraction de la seconde rnglon de gaine on as.
!2. La fibre de ia revendication 1, dans laquelle  55 ns (a) est
pratiquement constant.    


