PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification © : (11) International Publication Number: WO 99/36816
GO2B 6/16, 6/18, GO2F 1/35 Al _ o

(43) International Publication Date: 22 July 1999 (22.07.99)

(21) International Application Number: PCT/US99/00287 | (81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR,

(22) International Filing Date: 7 January 1999 (07.01.99)

(30) Priority Data:

60/071,732 16 January 1998 (16.01.98) us

(71) Applicant (for all designated States except US): CORNING
INCORPORATED [US/US]; 1 Riverfront Plaza, Corning,
NY 14831 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): HAWK, Robert, M.
[US/US]; 207 Atlantic Avenue, P.O. Box 1883, Pawleys,
SC 29585 (US). NOLAN, Daniel, A. [US/US]; 28 Skyline
Drive, Corning, NY 14830 (US). TARCZA, Steven, H.
[US/UST; 313 Pioneer Road, Painted Post, NY 14870 (US).

(74) Agent: CHERVENAK, William, J.; Corning Incorporated,
Patent Dept., SP FR 02-12, Corning, NY 14831 (US).

BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, FI, GB, GE,
GH, GM, HR, HU, ID, IL, IS, JP, KE, KG, KP, KR, KZ,
LC, LK, LR, LS, LT, LU, LV, MD, MG, MK, MN, MW,
MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL,
TJ, TM, TR, TT, UA, UG, US, UZ, VN, YU, ZW, European
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR,
IE, IT, LU, MC, NL, PT, SE).

Published
With international search report.
Before the expiration of the time limit for amending the
claims and to be republished in the event of the receipt of
amendments.

(54) Title: HIGHLY NON-LINEAR SINGLE MODE WAVEGUIDE

(57) Abstract

Disclosed is a single mode optical waveguide fiber having a core region refractive index profile designed to provide a highly
non-linear refractive index. The core index profile of the highly non-linear waveguide is an a—profile which has pre-selected values of
relative refractive index and core diameter so as to retain the advantageous optical waveguide properties of low attenuation, properly placed
zero dispersion and cut off wavelengths, low, positive total dispersion over a pre-selected wavelength range, and low dispersion slope.




AL
AM
AT
AU
AZ
BA
BB

BF
BG
BJ

BR
BY
CA
CF
CG
CH
CI

CN
Cu
CZ
DE
DK
EE

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT.

Albania
Armenia
Austria
Australia
Azerbaijan
Bosnia and Herzegovina
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus

Canada

Central African Republic
Congo
Switzerland
Cote d’Tvoire
Cameroon
China

Cuba

Czech Republic
Germany
Denmark
Estonia

ES
FI
FR
GA
GB
GE
GH
GN
GR
HU
IE
IL
IS
IT
Jp
KE
KG
KP

KR
KZ
LC
LI

LK
LR

FOR THE PURPOSES OF INFORMATION ONLY

Spain

Finland

France

Gabon

United Kingdom
Georgia

Ghana

Guinea

Greece

Hungary

Treland

Tsrael

Tceland

Ttaly

Japan

Kenya
Kyrgyzstan
Democratic People’s
Republic of Korea
Republic of Korea
Kazakstan

Saint Lucia
Liechtenstein

Sri Lanka

Liberia

LS
LT
LU
LV
MC
MD
MG
MK

ML
MN
MR
MW
MX
NE
NL
NO
NZ
PL
PT
RO
RU
SD
SE
SG

Lesotho

Lithuania
Luxembourg

Latvia

Monaco

Republic of Moldova
Madagascar

The former Yugoslav
Republic of Macedonia
Mali

Mongolia

Mauritania

Malawi

Mexico

Niger

Netherlands

Norway

New Zealand

Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore

SI
SK
SN
SZ
TD
TG
TJ
™
TR
TT
UA
UG
Us
vz
VN
YU
w

Slovenia

Slovakia

Senegal

Swaziland

Chad

Togo

Tajikistan
Turkmenistan
Turkey

Trinidad and Tobago
Ukraine

Uganda

United States of America
Uzbekistan

Viet Nam
Yugoslavia
Zimbabwe




10

15

20

WO 99/36816 PCT/US99/00287

HIGHLY NON-LINEAR SINGLE MODE WAVEGUIDE

BACKGROUND OF THE INVENTION

This application is based upon the provisional application S.N.
60/071,732, filed i/16/98, which we claim as the priority date of this
application.

The invention relates to a single mode waveguide fiber having a
refractive index profile, a core diameter, and a relative index which provide a
high non-linearity coefficient. In particular, the high non-linearity coefficient is
obtained together with pre-selected values for zero dispersion wavelength, cut
off wavelength, and spectral attenuation in the 1550 nm operating window.

The a-profile waveguide fiber core has been studied in considerable
detail over the past several decades. The design of the first single mode
waveguide to be manufactured included a step index profile in the central core
region.

Core refractive index profile design has evolved as waveguide optical
systems requirements have changed. The study of the core profile has been
driven by the need for such waveguide features as:

- positioning of cut off wavelength;

- positioning of zero dispersion wavelength;
- lower attenuation;

- improved bend resistance; and,

- lower total dispersion and dispersion slope.
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More recently, the very high performance telecommunication systems,
i.e., those which include multiplexing, high data rates, long regenerator
spacing, soliton propagation, or optical amplifiers, have resulted in a broader
study of core index profiles to include designs which have high effective area to
minimize signal distortion and dispersion due to non-linear effects.

In certain devices, however, increase in non-linear index of refraction or
decrease in effective area can improve performance. One notable case in
which performance is enhanced by increased non-linearity is that of a
wavelength conversion device based upon modulational instability.

What is required by devices which make use of highly non-linear
waveguide fiber is that the non-linear waveguide retain such characteristics as
those noted above. The difficulty of making non-linear waveguides is therefore
compounded because increased non-linearity usually requires increased
concentration of glass forming metal oxides, termed dopants, which alter the
waveguide core refractive index. The increased dopant concentration results
in higher attenuation and effects mode power distribution which in turn effects
the waveguide properties required for efficient operation of a device using the
non-linear waveguide. In particular, increased dopant concentration causes
the zero dispersion wavelength to increase beyond the wavelength region

useful for soliton propagation.

DEFINITIONS

- The effective area is

At = 21 (?E? r dr)?/(2E* 1 dr), where the integration limits
are 0 to 8, and E is the electric field associated with the propagated light. An
effective diameter, D¢y, may be defined as,

Agit = T(Deri/2)? .
- The relative index, A, is defined by the equation,

A = (n?- n%)/2n?, where n; is the maximum refractive
index of the index profile segment 1, and n; is the refractive index in the
reference region which is usually taken to be the minimum index of the clad

layer.
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For the particular profile described in this application, the core region
has one segment. The notation A, is used to describe the relative index of this
single segment. The notation A, is used to describe the relative index of the
clad region.

- The term refractive index profile or simply index profile is the relation between
A % or refractive index and radius over a selected portion of the core. The
term alpha profile refers to a refractive index profile which follows the equation,

n(r) = no (1- A[/a]®) where ris core radius, A is defined above, a is the
last point in the profile, r is chosen to be zero at the first point of the profile, and
o is an exponent which defines the profile shape. Other index profile shapes
include a step index, a trapezoidal index and a rounded step index, in which
the rounding is due to dopant diffusion in regions of rapid refractive index
change.

SUMMARY OF THE INVENTION

The novel single mode waveguide of this application meets the need for
a waveguide which is highly non-linear, but retains the required characteristics
in terms of low attenuation in the 1550 nm window, properly positioned zero
dispersion and cut off wavelengths, low, positive total dispersion, and low
dispersion slope.

A first aspect of the invention is a single mode optical waveguide having
a core region surrounded by a clad layer. The core region has a surface, a
diameter, a relative refractive index, Ao, and a refractive index profile. The
diameter of the core is measured from the central long axis of the single mode
fiber to the core surface. The relative index of the core, A,, is greater than A,
the relative index of the clad. Both relative indexes are referenced to nc, the
minimum refractive index of the clad layer.

The core region profile is an o-profile, for which the relative index is in
the range 0.016 to 0.040, and the diameter is in the range 3 um to 8um. Given
this basic structure, two key waveguide fiber parameters, which serve to define
the waveguide, are, a zero dispersion wavelength, A, in the range of about

1500 nm to 1570 nm, and a non-linearity constant in the range of about 3 (W-

km)‘1 to 13 (W-km)'1. The non-linearity constant is nz in the equation for
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refractive index, n = n, + N2 P/Agg, in which P is transmitted power, n, is the
linear refractive index, and A¢ is the effective defined above.

This novel waveguide, when incorporated in a wavelength conversion
device, improves the performance thereof. In an embodiment of this aspect,
the waveguide core has o in the range of about 1.8 to 2.4, core diameter in the
range 5 pm to 6 um, and core relative index in the range of about 0.019 to
0.030. In this embodiment and in the first aspect of the invention, cut off
wavelength is in the range of about 1400 nm to 1500 nm, attenuation at 1550
nm is not greater than 1 dB, the dispersion slope is in the range of 0.03
ps/nm?-km to 0.10 ps/nm?-km, and total dispersion over the wavelength range
1520 nm to 1600 nm is positive but not greater than about 2 ps/nm-km.

Calculations have shown that the required waveguide properties
together with the required waveguide non-linearity can be realized when the o
is very large, which means the a-profile is essentially a step index profile.
Thus, a values in the range of 1.8 to infinity are contemplated by the inventors.
Thus an embodiment of the invention is a step profile or a rounded step profile.
The A value and core diameter do not change in this embodiment of the profile
shape.

In another embodiment of this first aspect the clad layer refractive index
profile is flat and has a constant refractive index equal to the minimum index,
Ne.

The invention may also be described solely in terms of a particular
geometry associated with a particular o, of the waveguide o-profile. Thus, the
invention is a single mode optical waveguide fiber having a core and a clad as
described in the first aspect of the invention above. The a. of the core region
profile is in the range of about 1.8 to 2.4, the relative index of the core is in the
range 0.019 to 0.030, and the core diameter is in the range 5 um to 6 um. In
an embodiment preferred because of simplicity of manufacture, the clad layer
refractive index profile is flat and has a refractive index equal to the minimum
clad index, n.. Here again, higher values of a. are calculated to be effective in

producing a waveguide having all the required properties. Thus, step index
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5
and rounded step index are also proper descriptors of the profile shape of the

novel waveguide.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is an illustrative chart showing the refractive index profile of the
single mode waveguide and variations thereof.

Fig. 2 is a fitted curve of relative index versus radius for an embodiment
of the single mode waveguide.

Fig. 3 is a chart of total waveguide dispersion versus wavelength.

Fig. 4 is a schematic illustration of the non-linear waveguide

incorporated in a loop mirror in a wavelength converter device.

DETAILED DESCRIPTION OF THE INVENTION

The use of a step index profile or an a-profile as the core profile of a
single mode waveguide is known in the art. The invention disclosed and
described herein relates to a single mode waveguide in which the non-linearity
of the of the waveguide is enhanced. This is in contrast to recent core design
work which was undertaken to reduce non-linear effects by increasing the
effective area of the waveguide.

One problem solved by the present invention is that of achieving high
non-linearity while maintaining the zero dispersion wavelength within a pre-
selected range of wavelengths. In addition, the novel waveguide retains other
important characteristics such as low attenuation, properly positioned cut off
wavelength, low, positive total dispersion, and low dispersion slope.

The class of profiles found to provide these key characteristics is
illustrated in Fig. 1, in which the refractive index profile is plotted in terms of

relative index, A, versus waveguide radius. Solid line 6 represents an a-profile
which may have an o around 2, i.e., the profile may approximate a parabola.
Dashed lines 2 and 4 in Fig. 1 indicate that small variations on the a-profile will

probably not change the mode power distribution enough to move the

waveguide parameters out of their pre-selected ranges. Dashed curve 11isa
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6
slightly rounded step index profile which has been shown by calculation to
provide a waveguide fiber having all the required properties.

Solid line 10 and dashed line 8 indicate two shapes which the clad layer
profile may have. Small variations of this profile also may be made without
materially effecting the mode power distribution and the waveguide parameter
which depend thereon. Usually the clad layer index profile is chosen to be flat
to simplify manufacturing.

Example - Highly Non-linear Waveguide having Controlled Parameters

A waveguide was fabricated having the core refractive index profile 12
shown in Fig. 2. The a of the profile was determined by a least squares fit to
be about 2.22. The relative index of the core, A,, was about 0.0218. The core
diameter was about 5.66 um. The waveguide clad layer was flat and consisted
essentially of silica. The outer diameter of the waveguide was 125 uym. The
measured parameters of this waveguide were as follows:

- attenuation over the wavelength range 1500 nm to 1600 nm was no greater
than about 0.80 dB/km;

- zero dispersion wavelength was about 1532 nm;

- cut off wavelength was about 1467 nm;

- total dispersion, shown as curve 14 in Fig. 3, over the wavelength range 1532
nm to 1600 nm was positive and no greater than about 2 ps/nm-km;

- dispersion slope was about 0.048 ps/nm®km; and,

- non-linearity constant about 9.9 (W-km)™.

These parameters are ideal for operation of a non-linear device in the
operating window centered near 1550 nm.

A simplified schematic of a wavelength converter is shown in Fig. 4. A
much more detailed description of this embodiment of the converter is given in
U.S. patent application S.N. 09/008,179. In Fig. 4, light pulses from pump
laser 18 and signal laser 16 are optically connected to coupler 20. Coupler 20
directs the light pulses into the loop 22 which comprises highly non-linear
single mode waveguide fiber such as that set forth in the example above. The

coupler is designed to propagate signal light clockwise about waveguide loop
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22. The pump light may be coupled into the loop 22 to propagate in either or
both the clockwise and counter-clockwise direction. The pump pulses and
‘signal pulses interact over the length of loop 22 such that energy is transferred
from the pump pulses to the original signal pulse and to a signal puise having a
converted wavelength. These two signal wavelengths are coupled to
waveguide fiber 26 and pass through filter 24 which filters out any co-
propagating pump light. The signal pulses and the converted signal pulses are
transmitted out of the wavelength converter along waveguide 28.

Although particular embodiments of the invention have been disclosed

and described, the invention is nonetheless limited only by the following claims.
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We claim:

1. A single mode optical waveguide fiber comprising:

a core region having a surface, a diameter, a relative refractive index,
A,, and a refractive index profile, the single mode fiber having a long axis, the
diameter being measured along a line perpendicular to the long axis and
extending between two points on the core region surface; and,

a clad layer surrounding and in contact with the core region surface, the
clad layer having a refractive index profile, a relative refractive index A, and a
minimum refractive index n; which is the reference index for the relative
refractive indexes and A, > A;

in which,

the core region refractive index profile is an a-profile, the relative index
of the core is in the range 0.016 to 0.040, and the core diameter is in the range
3 um to 8 um; and,

in which, the waveguide has a zero dispersion wavelength and a non-
linearity constant where;

the zero dispersion wavelength, X, is in the range of about 1500 nm to
1570 nm, and the non-linearity constant is in the range of about 3 (W-km)™ to
13 (W-km)™.
2. The single mode waveguide of claim 1 in which 1.8 < o < 2.4, the core
diameter is in the range of about 5 um to 6 um, and, the relative index of the
core region is in the range of about 0.019 to 0.03.
3. The single mode waveguide of either claim 1 or 2 in which the cut off
wavelength is in the range of about 1400 nm to 1500 nm, attenuation at 1550
nm is not greater than 1 dB/km, the dispersion slope is in the range of 0.03
ps/nm2-km to 0.10 ps/nm?‘-km, and total dispersion over the wavelength range
1520 nm to 1600 nm is positive but not greater than about 2 ps/nm-km.
4. The single mode optical waveguide of claim 1 in which the clad refractive
index profile is flat and has a refractive index of n.. |
5. The single mode optical waveguide of claim 1 in which the index profile

shape is a step or a rounded step.
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6. An optical circuit which incorporates the non-linear waveguide of claim 1.
7. A single mode optical waveguide fiber comprising:

a core region having a surface, a diameter, a relative refractive index,
A,, and a refractive index profile, the single mode fiber having a long axis, the
diameter being measured along a line perpendicular to the long axis and
extending between two points on the core region surface; and,

a clad layer surrounding and in contact with the core region surface, the
clad layer having a refractive index profile, a relative refractive index A, and a
minimum refractive index n; which is the reference index for the relative
refractive indexes and A, > A¢;

in which, A

the core region refractive index profile is an a-profile having a. in the
range of about 1.8 to 2.4, the relative index of the core is in the range 0.019 to
0.030, and the core diameter is in the range 5 um to 6 pm.
8. The optical waveguide fiber of claim 7 in which the clad refractive index

profile is flat and has a refractive index of nc.
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