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71 We, WESTERN ELECTRIC COMPANY, INCORPORATED, of
222 Broadway, New York City, New York State, United States of America, a
Corporation organized and existing under the laws of the State of New York,
United States of America, do hereby declare the invention for which we pray that a
patent may be granted to us, and the method by which it is to be performed, to be
particularly described in and by the following statement:—

This invention relates to optical fiber waveguides.

It has been known in the prior art that modal dispersion in a multimode optical
fiber can be minimized by radially grading the refractive index in the core of the
fiber, see the article entitled ““Light Propagation in Generalized Lens-Like Media”
by S. E. Miller Bell System Technical Journal, Vol. 44, page 2017, 1965. To achieve
this minimum modal dispersion it has been established that the refractive index
should be graded in accordance with the following equation:

n(r)=ng(1+{(r))

where n(r) is the index at radius r from the axis and n,_ is the refractive index at the
core-cladding interface. The function f(r) has a form provided by the following
equation:

-F(r)__: AD" (r/a)d]| r< o

0 ) r< o

where A is the relative index difference given in terms of the following equation:

n(O)—n, An(O)

N N

in which n(O) is the refractive index value at r=0, and « is an exponent that was
found to deviate from 2 by a term in the order of A in order to provide minimum
modal dispersion. This value of the exponent was described by D. C. Gloge and E.
A. J. Marecatili in U.S.A. patent 3,823,997 issued July 16, 1974.

It was subsequently determined that the dispersion of the index of refraction
should be taken into account in order to achieve minimum modal dispersion.
Under these circumstances it was determined that the shape of the index profile
still follows a near parabolic shape but the exponent a was determined to deviate
from 2 by an amount 2P which may be substantially larger than the relative index
difference A. This determination is set forth by D. B. Keck and R. Olshansky in
U.S.A. patent 3,904,268 issued September 9, 1975. Their precise expression for the
optimum « is as follows:

(4-2P)(3-2P)
(5-4P)

a=2-2P-A
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The magnitude of the contribution of the third term having A as a coefficient is
determined to be small (in the order of 0.01) and this term may therefore be ignored
since it is difficult to take into account experimentally at the present time. Hence,
the optimum « for minimum modal dispersion is approximately equal to (2—2P)
where the profile dispersion P is defined by the following equation:

n(O) AA'
P(A)= —
N(O) A

Inasmuch as the group index N deviates from n by less than 1 percent it can also be
assumed that N equals n and the profile dispersion may be expressed in terms of the
following equation:

! 1 !
p= A& A\ |An | Doy,
Al’\ nc

The refractive index profile is generally achieved in a multimode fiber by
varying the concentration of an added dopant as a function of radius r. See for
example, (U.K. Patent 1,554,754 (J. W. Fleming) et al.) wherein it is proposed that
phosphorus pentoxide and boron oxide be added to a silica based fiber in order to
achieve minimum modal dispersion at a single wavelength and increased numerical
aperture.

In (U.K. 1,559,510 (D. C. Gloge et al,) germanium dioxide and boron oxide are
radially graded in the core of a multimode fiber in order to achieve minimum
modal dispersion over a broad range of wavelengths. These two dopants
germanium dioxide and boron oxide when properly graded in a single fiber produce

‘a fiber whose optimum a versus wavelength curve has substantially zero slope over

a broad range of wavelengths. As a result, a fiber of this type can be installed for
use at one wavelength and later used at a much different wavelength without
introducing any loss due to modal dispersion. Unfortunately, boron oxide may have
an unpredictable effect on the refractive index of the host glass even in small
concentrations. As a result, the addition of boron oxide produces a reduction in the
refractive index that can vary nonlinearly with concentration and can also vary
strongly with the thermal history of the glass. Hence, boron oxide is not as
predictable in its behavior as one would like in order to design fibers having
reproducible performance in their qualities of modal dispersion.

According to the present invention there is provided an optical fiber
waveguide comprising a silica based fiber core surrounded by a cladding having an
index of refraction lower in value than that of said core, wherein index-increasing
dopants, phosphorus, pentoxide and germanium dioxide are radially graded in
concentration within said core, the phosphorus pentoxide being radially graded
from a maximum concentration value in the region of the axis of said core to a
minimum concentration value in the region of the core-cladding interface, the
germanium dioxide being radially graded from a maximum concentration value in
the region of the core-cladding interface to a minimum concentration value in the
region of the axis of said fiber core.

In an embodiment of the invention, the index-increasing dopants, phosphorus
pentoxide (P,0,) and germanium dioxide (GeO,), are radially graded in the core of
a multimode silica (SiO,) fiber in order to achieve minimum modal dispersion over
a broad range of wavelengths. The phosphorus pentoxide has an upper value or
maximum concentration in the region of the axis of the fiber core and is radially
graded to a lower value or zero concentration in the region of the core-cladding
interface. The germanium dioxide on the other hand has a lower value or minimum
concentration in the region of the axis of the fiber core and is radially graded to an
upper value or maximum concentration in the region of the core-cladding interface.
Minimum modal dispersion is achieved over a range of wavelengths in the
neighborhood of a central wavelength of 0.8 microns with a ratio of maximum P,O
concentration to maximum GeQ, concentration of approximately 11.6. As a result
of the small amount of GeO, required, the numerical aperture is degraded only
slightly by the presence of the index-increasing dopant GeQO, with maximum
concentration in the region of the core-cladding interface. For other central
wavelengths, the concentration rate may differ from 11.6.
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The embodiment achieves minimum modal dispersion over a broad range of
wavelengths without being restricted to an index decreasing dopant such as boron
oxide. This minimum modal dispersion is achieved over a broad range of
wavelengths by using two dopants that are very predictable and reproducible in
their index varying characteristics.

The invention will be readily understood after reading the following detailed
description in conjunction with the accompanying drawing wherein:

Fig. | is a pictorial illustration of a multimode optical fiber embodiment of the
present invention;

Fig. 2 is a graph of the molar concentration versus radius for the primary
element silicon dioxide and the two dopants, phosphorus pentoxide and
germanium dioxide of the fiber; and

Fig. 3 is a graph of « versus wavelength for an optical fiber constructed in
accordance with the embodiment and for comparison purposes there are also
shown fibers using only single dopants.

As pointed out hereinabove the optimum a which must be achieved for
minimum modal dispersion is to a first order approximation a function solely of the
profile dispersion P. As also indicated hereinabove, this profile dispersion is a
function solely of the wavelength, the index difference between the axis and the
cladding, the derivative of this index difference with respect to wavelength, and the
index of refraction for the cladding (n,) and its derivative with respect to
wavelength. To achieve minimum modal dispersion over a broad range of
wavelengths it is necessary to achieve both optimum « at the center wavelength of
operation and also to achieve a rate of change of a with respect to wavelength
(da/dA) equal to zero at this wavelength. For a first order approximation, da/dA=0
can be achieved by establishing the conditions which cause the rate of change of
the profile dispersion P with respect to wavelength to be equal to zero. In short,
minimum modal dispersion over a broad range of wavelengths can be achieved by
satisfying the following equation:

a'(A,)=—2P"(1,)=0 (1

where the prime indicates derivative with respect to wavelength, and

|1}

Py L 8B & L @2 0) (2)

with
1 " ¥ 2
n n n
DA) =« =S + A -;5 - f (3
‘B c c

If the dopants which are to be added to the optical fiber are linear in that the
change in index that they produce is proportional to the change in concentration,
and furthermore if there is a minimum effect from the nonlinear terms that arise
due to the interaction of the two dopants, the change in the index An between the
axis of the fiber core and the core-cladding interface can be expressed in terms of
the following equation:

An()t1)=ncA(J1,)=Ag2I‘2,(A,)+Ag3I‘3,(/11), 4

where Ag, and Ag, are the changes in concentration (expressed as a mole fraction)
between the axis of the core and the core-cladding interface for the second and
third components (which are the first and second dopants), and I, and I';, are
measured parameters for the dopants relative to the core host material. These
measured components I',, and T, are obtained from measurements of the change
in the index of refraction versus concentration and wavelength for each of the
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individual dopants separately added to a silica based fiber. (See the paper by H. M.
Presby and 1. P. Kaminow ‘‘Refractive Index and Profile Dispersion Measurements
in Binary Silica Optical Fibers™ Applied Optics, February, 1977.) Typical values
obtained for these parameters at a wavelength of 0.8 microns, and their first and
second derivatives with respect to wavelength for GeO, and P,0, in SiO, are as
follows:

Ge0,/Si0, P,0,Si0,
r,=0.124 I4=0.097
I},=—0.0069um™" r4,=0.0029um™"
I%,=0.056um™2 r}/=0.0032um™2

If the fiber is to be a waveguiding fiber, An must be greater than zero. The
requirement that the derivative of « with respect to wavelength be equal to zero
results in the following required equality:

An[(An)'+A,(An)")]—A,[(An)")]*—(An)*D=0. (5
If p represents the ratio of the changes in concentration of the dopants, that is
y=08g,/8g,, the equality (5) to achieve the desired broad band condition can be
expressed in terms of the following quadratic equation in p:
CotCp+C,p*=0 (6)

where the coefficients can be expressed in terms of the following equations:

Co=([',I5,—DF3,)+A,(T,, 5T (N
€4 =(T'3,01 4T3 15, —2DT,, T3 )+ A,(T, T 5, + 15, 5,~203,T,) (8)
€=(I'3,T5;—DI3,)+A,(T4,I%,—T'42 9

where all of the parameters have their values taken at the center wavelength of
operation A=A,.

Using the parameters for T,,, I';, and their derivatives set forth in the table
hereinabove, a computer generated solution of the quadratic equations yields two
values for p, —1.24 and —11.6. According to equation 4 these values give the
following values for the index difference: An(0.8)=(2.74x107%)8g, and —(1.00)8g,
with values of a of 8.07 and 1.92, respectively, where 8g, is the maximum mole
fraction differential concentration of germanium dioxide in the optimized ternary
glass. The first solution, corresponding to y=—1.24, results in a much smaller An
than would be practical in terms of numerical aperture. This first solution also
results in a very large a. The second solution, corresponding to the value of
y=—11.6, gives a physically more satisfying result in terms of a resonable An and in
terms of an a parameter approximately equal to 2. Taking into consideration the
facts that germanium dioxide produces an approximate linear increase in refractive
index for concentrations up to about 20 molar percent, and phosphorus pentoxide
produces a linear increase up to about 15 percent, physically satisfying results can
be achieved by setting 8g,=—0.010. This, of course, corresponds to a negative
grading in concentration in that the maximum concentration of germanium dioxide
appears at the core-cladding interface. With p=—11.6, and §g,=—0.01, the change in
concentration of phosphorus pentoxide 8g, has a value of about +0.12. This value
of 12 percent phosphorus pentoxide with a maximum concentration on the axis of
the fiber core is well within the linearity range for this particular dopant. In
addition, it is possible to realize a 12 percent P,O; concentration in practical fiber.

These values obtained for the various differential dopant concentrations can
be utilized in an optical fiber as shown in Fig. 1 of the drawings. In Fig. 1 a core 10
is surrounded by a cladding 11 having a lower index of refraction than the material
provided in core 10. The dopants added to core 10 of the optical fiber are graded in
accordance with the curves shown in Fig. 2 of the drawings. Radius equal to 0
corresponds to the geometrical center 12 of the optical fiber core. As indicated in
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Fig. 2 a suitable set of concentration values at the fiber axis is of 88, 0 and 12 molar
percent for silicon dioxide, germanium dioxide and phosphorus pentoxide,
respectively. At the core-cladding interface where r=a, the molar concentrations
for silicon dioxide, germanium dioxide and phosphorus pentoxide are 99, | and 0
percent, respectively. All three concentration profiles are caused to change in
accordance with the profile function (1—(r/a)'®?). As indicated in Fig. 2, the value
of the molar concentration for GeO, is a maximum at the core-cladding interface,
and this value should be continued for some distance into the cladding material.

It would be desirable to increase An still further and thereby increase the
numerical aperture. By increasing 8g, and 8g, minimum modal dispersion is still
achieved over a broad range of wavelengths providing the ratio of these
concentrations (designated hereinabove as p) is maintained at a value of
approximately —11.6.

The advantageous results achieved in accordance with the embodiment are
illustrated by the computed curves in Fig. 3 of the drawings wherein the a achieved
by the dopants for various wavelengths is shown for both the present embodiment
and for prior art fibers in which a single dopant is used. In Fig. 3 curve 30 indicates
the @ achieved using the dopant concentrations shown in Fig. 2 for both P,O, and
GeO,. As indicated by curve 30, this « is relatively constant over a broad range of
wavelengths extending from 0.5 to 1.1 microns. The flatness of this curve is far
superior to that of curves 31 and 32 in Fig. 3 which illustrate the a values achieved
using single dopants of P,O, or GeO,, respectively. In spite of the fact that both
these dopants when used individually produce a curve of optimum a versus
wavelength having a negative slope, these dopants when combined in accordance
with the present embodiment result in a curve of optimum « versus wavelength
which is relatively constant over a broad range of wavelengths. This advantageous
effect has been achieved by reverse grading the GeO, with a maximum
concentration of the index-increasing dopant in the region of the core-cladding
interface. Advantageously the amount of this dopant needed to provide the desired
result is only about 1/12 of the concentration of P,O; in the region of the axis of the
fiber, and therefore the numerical aperture is degraded only slightly in achieving
minimum modal dispersion over a broader range of wavelengths.

WHAT WE CLAIM IS:—

1. An optical fiber waveguide comprising a silica based fiber core surrounded
by a cladding having an index of refraction lower in value than that of said core,
wherein index-increasing dopants phosphorus pentoxide and germanium dioxide
are radially graded in concentration within said core, the phosphorus
pentoxide being radially graded from a maximum concentration value in
the region of the axis of said core to a minimum concentration value in the region
of the core-cladding interface the germanium dioxide being radially graded from a
maximum concentration value in the region of the core-cladding interface to a
minimum concentration value in the region of the axis of said fiber core.

2. An optical fiber waveguide as defined in claim 1 wherein the ratio of the
maximum concentration of phosphorus pentoxide to the maximum concentration
of germanium dioxide is substantially 12.

3. An optical fiber waveguide as defined in claim 2, wherein the dopants are
radially graded in accordance with concentration profiles that follow the form
[1—(r/a)"#2].

4. An optical fiber waveguide as defined in claim 2 or 3, wherein the maximum
molar concentration or upper concentration value of phosphorus-pentoxide is
substantially 12 molar percent and the minimum molar concentration or value of
phosphorus pentoxide is substantially zero, and the maximum molar concentration
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or value of germanium dioxide is substantially | percent and the minimum molar
concentration of germanium dioxide is substantially zero.

5. An optical fiber waveguide according to claim | and substantially as
hereinbefore described with reference to Fig. 2 and curve 30 of Fig. 3 of the
accompanying drawing.

K. G. JOHNSTON,
Chartered Patent Agent,
Western Electric Company Limited,
5 Mornington Road,
Woodford Green, Essex.
Agent for the Applicants.

Printed for Her Majesty’s Stationery Office, by the Courier Press, Leamington Spa, 1981
Published by The Patent Office, 25 Southampton Buildings, London, WC2A 1AY, from
which copies may be obtained.
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