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1. A multistage fiber amplifier including:

an input stage having a given passive loss and a
flattened gain spectrum, and

an output stage coupled to said input stage, said
output stage having a passive loss that is lower than

said given passive loss and gain spectrum that is less
flat than said input stage.
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HYBRID FIBER AMPLIFIER

The present invention relates to a multi-wavelength
optical fiber amplifier that is capable of providing high

output power.

Br n ration

Next generation lightwave mnetworks will use fiber
amplifiers which are formed of gain optical fibers, the
cores of which ceontain a dopant such as rare earth ions.
Such an amplifier receives an optical signal containing
wavelength A, and a pump signhal containing wavelength A, ;
these signals are coupled to the gain fiber by means such
as one or more couplers located at one or both ends of
the amplifier. In a multi-channel network, such as a
wavelength division multiplexed network, where two or
more signals of different wavelengths are used to
transmit information, each of the channels must have
about the same gain. In a long haul transmission system,
if the gain of one channel of each amplifier is different
from that of another channel, serious problems can
result. After passing through many amplifiers, the
signal of one channel A can be many dB greater than that
of the signal of another channel B. This difference of
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signal level between the two channels can result in an
optical transmi: ‘on system which, at best, may be
marginal in perfo.manhce. For example, if after passing
through all of the network amplifiers, channel A is at a
level which provides a good signal to noise ratio, the
channel B signal, which experiences less gain, may be at
a signal level which has a very low signal to noise
ratio. In fact, the signal to noise ratio of channel B
may be too low for that channel to be useful.

Additionally, each amplifier can provide only a
finite amount of power to the signals being amplified.
While the power of the amplifier is available to both
channels, frequently it is not divided equally between
the two channels. Often, the larger of the two signals
will capture a propertionately larger portion of the
available power and leave a disproportionate smaller
share of the available power for the weaker signal.
Thus, the stronger signal gets progressively stronger,
relative to the weaker signal, as the two signals advance
through the amplifiers of a long haul transmission line.

Clearly, a need exXists for amplifier gain
equalization ih an optical fiber amplifier. Total
achievable output power 1s another critical performance
characteristic for in-line amplifiers.

Previcus attempts to achieve gain equalization by
multistage optical fiber amplifiers, (U.S. Patents
5,050,949 and 5,111,334) were unsatisfactory, since they
were not optimized for power, flattened the gain over
only a small wavelength range, sharpening or broadening
the gain peaks. In the case of erbium doped amplifiers
in the 1537 - 1565 nm range, alumina additions to the
gain fiber (usually up to about 5 weight %) suffer from
inhcreased passive losses with ihcreasing alumina
concentrations due to scattering; e.g., a loss of 0.033

db/m for 2.63 weight % alumina, attenuating both signal

e A .
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and pump power.

Serially connected fiber amplifiers can be provided
with pump power from the same source. The pump power can
be applied to the first stage, and residual pump power
that is not used in the first stage can be cougled to the
second stage. For example, see Configuration 1 of the
publication J.M.P. Delavaux et al., "REAP: Recycled
Erbium Amplifier Pump", IEEE Photounics Technology
Lettsrs, Veol. 6, No. 3, March, 1994, pp. 376-379. A 2x2
wavelength division multiplexer (WDM) coupler MUX II
couples the pump energy to the second stage through a
first path and couples the signal to the second stage
through a second path that has a filter for attenuating
the ASE. Some signal can leak, due to the finite
crosstalk of the WDM coupler, through the pump path to
the second stage gain fiber in the same direction but out
of synchronization with the principle signal, whereby the
noise figure of the amplifier is degraded due to
nultipath interference (MPI). 1In Configuration 2 of the
Delavaux et al. publication, the principle signal and the
leakage signal propagate counterdirectionally through the
gain fiber, whereby the particular source of MPI noise in
configuration 1 is effectively eliminated in
configuration 2. However, some signal; after being
amplified by the second stage gain fiber, c¢an leak
through the WDM coupler MUX II, due to its finite
crosstalk, back into the first gain fiber. The amplified
leakage signal is then coupled by WDM coupler MUX II to
the input port or the pump port. Some of this leakage
signal can be back reflected by the input connector or
pump laser facet and then interfere with the principal
signal, whereby further MPI noise would arise. In a

practical situation, this path becomes the dominant MPI
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noise path, and it can lead to a serious degradation in amplifier performance.
Additionally, overclad WDM couplers of the 2x2 configuration are more difficult to
fabricate than overclad 1x2 WDM's. (Overclad couplers are disclosed in U.S.
patent 5,268,979.)

An object of the present invention is to provide a fiber amplifier that

alleviates the disadvantages of prior art devices.

According to one aspect of the present invention theré is provided a
multistage fiber amplifier including:

an input stage having a given passive loss and a flattened gain spectrum,
and

an output stage coupled to said input stage, said output stage having a
passive loss that is lower than said given passive loss and gain spectrum that is

less flat than said input stage.

in accordance with a further embodiment, a multistage fiber amplifier may
comprise first and second gain fibers, each of which has first and second ends. A
source of pump power and a signal may be coupled to the fifst end of the first
gain fiber. A first WDM coupler may have an input terminal for receiving a signal
and pump power and a first output terminal to which most of the signal is coupled
and a second output terminal to which most of the pump power is coupled. The
second end of the first gain fiber may be coupled to the input terminal of the first
coupler. A filter may connect the first output termisial of the first WDM coupler to
the first end of the second gain fiber. An output device such as & second WDM
coupler may connect the second output terminal of the first coupler to the second
end of the second gain fiber. Any leakage signal propagating from the second
output terminal of the first coupler to the second end of the second gain fiber may
propagate counterdirectionally through the second gain fiber with respect to the
principal signal coupled to the second gain fiber from the first output terminal of
the first coupler. Thus, the effect of such leakage signal on amplifier noise may
be negligible. Furthermore, any of the amplified signal at the second end of the

NP CIWRNWORDWARIEVSABNOUDELZS084C. TOG
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second gain fiber may be inhibited from propagating to the first gain fiber because
of the presence o* the output device and the first WDM coupler in the path
between the second end of the second gain fiber and the second end of the first

gain fiber.

A preferred embodiment of the present invention will ncw be described

with reference to the accompanying drawings wherein:-

Fig. 1 is a schematic illustration of a fiber amplifier embodying the present

invention; and

Fig. 2 is a schematic illustration of a further embodiment of the invention.

The present invention relates to a hybrid fiber amplifier design which
employs two gain fibers having different compositions to achieve higher output
power at a balanced gain spectrum within the operating wavelength window.
Higher output power is achieved by trading off gain flatness. This can be
accomplished in a systematic way to accommodate different system

requirements.

Whereas erbium-doped gain fibers are specifically discussed herein, this
invention applies to gain fibers employing any rare earth dopant for achieving

signal amplification as well as any codopant used for the
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purpose of modifying the shape of its gain curve and/or
for the purpose of facilitating the fabrication of the
gain fiber.

Heretofore, alumina has been employed to improve the
solubility of erbium in a germania-silicate glass gain
fiber core and to flatten the gain spectrum. In an in-
line amplifier having a pre-amplification stage for
amplifying the weak input signals and a power
amplification output stage, both stages would employ high
alumina conternt, flat gain spectrum fiber amplifiers when
balanced gain spectrum was desired. However, passive
loss increases with increasing alumina concentration.
Therefore, computer modeling was employed for the purpose
of analyzing modifications of this amplifier. More
specifically, the analysis involved varying the
compositions of the pre-amplifier and/or the power output
stages.

For amplifiers cperating under gain compression,
passive loss in gain fibers has a larger impact on output
signal power when it occurs closer to the output. On the
other hand, the gain flatness of a gain fiber has a
larger impact on the overall gain flatness of the
amplifier when the gain fiber provides a preponderance of
the overall gain, as is typically the case for the
preamlifier stage of the amplifier. Therefore, in the
hybrid design of the present invention, gain fibers
having a lower passive loss (lower alumina concentration,
for example) are used close to the output of the
multistage amplifier, while the higher loss, flat gain
fiber (higher alumina concentration, for example) is used
close the input. The exact combination, in terms of gain
fiber lengths and compositions, is determined by the
specific system requirements. For Ge-Er-Al-doped SiO,
gain fibers used in in~line fiber amplifiers, the alumina

concentration of the first stage should be at least about
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2 wt. -, and that of the output stage should be no more
than about 1 wt. -. ,

An embodiment of the invention is shown in Fig. 1
wherein a multistage fiber amplifier 21 comprises pre-
amplifiction stage 22 and power-amplification stage 23.
Amplifier 21 is pumped by a single source 30 which
divides the pump power between the stages so that the
amplifier achieves high pump power-to-signal conversion
efficiency. Laser diodes 31 and 32 of source 30 are
conhected to a 3 dB coupler 33 which provides equal
amounts of pump power Lo WDM couplers 34 and 35. The
qain of the amplifier will drop by no more than 4 dB if
one of the sources fails, due to the use of coupler 33 in
the pump source.

A signal of wavelength A. is coupled from input 24 to
gain fiber 37 by isolator 29 and WDM ccupler 34. The
amplified signal is coupled to gain fiber 38 by WDM
coupler 40 and path 26 which includes ASE filter 41 and
isolator 42. The length of gain fiber 37 is insufficient
to convert all of the pump power supplied thereto by
couplers 33 and 34 to amplified signal and ASE. Gain
fiber 37 might absorb only 50% of the pump power, for
exanple. The remnant pump power from gain fiber 37 1is
connected to gain fiber 38 by coupler 40 and path 25
which irncludes one leg of coupler 44. This remnant pump
power pumps gain fiber 38 in the reverse direction.

Due to the finite signal crosstalk of WDM coupler
40, some signal light leaks into the pump path 25.
However, the leakage signal from path 25 propagates
through gain fiber 38 in a direction opposite to the
direction of propagation of the principal signal.
Therefore, the effect of the leakage signal on amplifier
noise will beé negligible.

Moreover, an MPI source results from the leakage of

amplified signal from gain fiber 38 through WDM coupler
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44 back to gain fiber 37, and back reflected by the input
connector or the pump laser facets. This MPI source can
be significantly reduced (by at least the WDM coupler
crosstalk) by using two 1x2 WDM couplers 40 and 44.
Thus, the use of couplers 40 and 44 is an improvement
over Configuration 2 of the Delavaux et al. publication
wherein a single 2x2 WDM coupler MUX II is employed to
connect two gain fibers.

The amplified signal is ¢oupled from gain fiber 38
to gain fiber 45 by WDM couplers 44 and 35, coupler 35
supplying pump power to galn fiber 45. The amplified
output from gain fiber 45 is connected to output 46 by
isolator 47 and pump wavelength filter 48. 1Isolators 29,
42 and 47 suppress reflection noise. Optional pump
filter 48 protects downstream elements from pump light
that might be deleterious to them.

In a specific embodiment of Fig. 1 in which
amplifier 21 was designed as an in-line amplifier in a
long haul telecommunication system, first and second
stage gain fibers 37 and 38 of pre-amplification stage 22
had 5 pum diameter cores formed of Si0O doped with 16.69
wt. % GeO-, 2.63 wt. % alumina and 0.07 wt. % erbium,
whereby they had an optimum gain flatness of about 0.017
dB/dB between 1549 nm and 1561 nm and a passive loss of
about 0.033 dB/m. The gain flatness for a given
operating condition and for a given wavelength window
{e.g. 1549 nm to 1561 nm) is defined as the maximum gain
in that window minus the minimum gain in that window
divided by the maximum gain in that window. Third stage
gain fiber 45 of power amplifier 23 had a 4 pm diameter
core formed of S$i0; doped with 20.73 wt. $ GeO, 0.63 wt.
% alumina and 0.03 wt. % erbium, whereby it had an
optimum gain flatness of 0.051 dB/dB between 1549 nm and
1561 nm and a negligiblé passive loss. The gain fibers

had a Si0, cladding having a diameter of 125 uym. Because
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of their high alumina content, gain fibers 37 and 38 of
stages 1 and 2 exhibited a passive loss of 0.033dB/m,
while the passive loss of low alumina content gain fiber
45 of stage 3 was negligibly small, i.e. the passive loss

of a 10 m length of the fiber was too small to be

measured. Laser diodes 31 and 32 provided pump power at
a wavelength of 980 nm. Numerical modeling results show
that this hybrid design yields 0.5 dB more output power,
by trading off 0.3 dB gain flatness, as compared to a
design that uses the high alumina content gain fiber for
all three stages.

The pre-amplification stage and the power
amplification stage can each be formed of stages
different in number from that illustrated in Fig..1l. The ]
terms "pre-amplification stage" and "power amplification
stage" as used herein have a functional rather than a
physical connoctation. In the embodiment shown in Fig. 2,
the pre-amplification stage and the power amplification
stage are embodied in a single physical amplifier stage
in which two different gain fibers 55 and 57 are
connected together by fusion splice 56. The higher 1loss,
flat-gain spectrum gain fiber 55 is located clese the
signal input terminal 54, while the lower loss gain fiber
57 is located close to the output terminal 58. For
example, fiber 55 may have a higher alumina concentration
than fiber 57, but this embodiment is not limited to this
combination of gain fibers. The serial connection of
gain fibers 55 and 57 can be forward pumped as
illustrated in Fig. 2. However, gain fibers 55 and 57
could be reverse pumped or co-pumped by application of
the pump power to the appropriate terminal or terminals
by WDM couplers or the like.

In addition to effects such as the alumina
concentration, passiv loss of a gain fiber is affected

by the numerical aperture (NA} and the erbium

»
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confinement. Gain fibers having a higher NA have a
better optical mode confinement for both the pump and the
signal light. Such fibers are useful for achieving low
noise and high gain operation in an input stage,
especially in a low-pump power situation. However,
higher NA fibers have higher loss caused by scattering.
This higher loss limits the output power when such a gain
fiber is used in the output stege. Additionally, gain
fibers with a tighter Er confinement (Er confined within
a small radius at the center of the fiber core) are
effectively used in the 1nput stage to assure high
inversion, but they are not useful for the output stage
due to the higher leoss resulting from the longer length
of gain fiber needed to achieve the same amount of gain
(at constant Er concentration). Therefore, gain fibers
with higher NA and tighter Er confinement should be used
close to the input, while gain fibers with lower NA and
iess confined Er ions should be used close to the output.
While the anbove arrangements are descriptive of
various embodiments of the present invention, it is to be
understood that there exist varigus other modifications
which -re considered to fall within the scope of this
disclosure. For example, while erbium is now considered
as the dopant of choice for doped fiber amplifiers for
use in telecommunication systems, there exist many other

materials {such as other rare earth elements,

praseodymium, for example) which may be used (for
amplification at other signal wavelengths) and which may

- utilize pump signals at wavelengths other than that

ot
(;D

discussed above. Co-dopants other than alumina can be
eaployed to alter the flatness of the gain spectrum of a
rare earth-doped fiber amplifier. For example, fluorine
has a broadening effect on the gain spectrum of a Ge-Er-
doped $i0Q, gain fiber. Moreover, erbium-doped

35 flurozirconate glass has an extremely flat gain spectrum.
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Such fluoride base glasses are disclosed at pages 38 to
44 of Optical Properties of Glass, edited by D.R. Uhlmann
and N.J. Kreidl, published by the American Ceramic
Society, Inc. The use of rare-earth-doped
fluorozirconate glasses for fiber amplifiers is discussed
in the publication "Lightwave", vol. 11, No. 8, July
1994, p. 6. Since erbium-doped flurozirconate glass is
relatively lossy at wavelengths in the 1555 nm range,
that gain fiber would be employed at the input stage of
the fiber amplifier while a low loss gain fiber such as a
Ge-Er-doped 510, gain fiber containing less than about 5

wt. % alumina could be used at the output stage.
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The claims defining the invention are as follows:

1. A multistage fiber amplifier including:

an input stage having a given passive loss and ¢
flattened gain spectrum, and

an output stage coupled to said input stage, said
output stage having a passive loss that is lower than

said given passive loss. and gain spectrum that is less
flat than said input stage.

2. A multistage fiber amplifier in accordance with

claim * wherein said input stage comprises a first gain
fiber doped with active dopant ions capable of producing
stimulated emission of light within a predetermined bard
of wavelengths and with a co-dopant which flattens the
gain spectrum of said first gain fiber.

3. A multistage fiber amplifier ih accordance with
claim Z wherein said output stage comprises a second gain
fiber doped with active dopant ions capable of producing
stimulated emission of light within a predetermined band
cf wavelengths and with a co-dopant which flattens the
gain spectrum of said second gain fiber, $aid second gain
fiber having a lower concentration of said co-dopant than

said first gain fiber.

4, A multistage fiber amplifier in accérdanhce with
claim 1 wherein said input stage comprises a first gain
fiber doped with active ddpant ions that are confined
within a first radius, and said output stage comprises a
second gain fiber doped with active dopant ions that are
confined within a radius that is greater than said first

radius.
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5. A nmultistage fiber amplifier in accordance with
claim 1 wherein saild input stage comprises a first gain
fiber the compositien of which comprises a
fluorozirconate glass, said fiber having a core that is

doped with active dopant ions.

6. A multistage fiber amplifier in accordance with

claim 1 wherein said input stage consists of a pre-

amplification stage including at least a first gain fiber

and said output stage consists of a power amplification

stage including at least a second gain fiber, the signal

output from said pre-amplification stage being coupled to

said power amplification stage by at least one wavelength

division multiplexer coupler.

7. A multistage fiber amplifier in accordance with
claim 1 or 6 wherein a first gain fiber of said input
stage is doped with active dopant iong capable of
producing stimulated emission of light within a
predetermined band of wavelengths and with a co-dopant
which flattens the gain spectrum of said first gain

fiber.

8. A multistage fiber amplifier in accordance with
claim 1 or 7 wherein a second gain fiber of said output
stage is doped with active dopant ions capable of
producing stimulated emission of light within a
predetermined band of wavelengths and with a co-dopant
which flattens the gain spectrum of said second fiber,
said second gain fiber having a lower concentration of

sald co-dopant than said first gain fiber.

9. A nmultistage fiber amplifier in accordance with
claim 3, 4, or 8 wherein the numerical aperture of said
first gain fiber is greater than the numerical aperture

hon LfT T CwE .
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of said second gain fiber.

10. A nmultistage fiber amplifier in accerdance with
claim 3, or 8 wherein said active dopant ions are erbium

ions and said co-dopant is alumina or fluorine.

11. A multistage fiber amplifier in accordance with
claim 6 wherein said pre-amplification stage comprises
said first gain fiber and a third gain fiber, each of
which has first and second ends, each of said first and
second gain fibers exhibiting said given passive loss and
sald flattened gain spectrum, a second wavelength
division multiplexer coupler having an input terminal for
receiving a signal and pump power and having a first
output terminal to which most of said ‘'gnal is coupled
and a second output terminal to which most ¢f sald pump
power 1s coupled, the second end of said first gain fiber
being coupled to the input terminal of said second
coupler, a filter connecting the first output terminal of
said second coupler to the first end of said third gain
fiber, and one fiber of said at least one wavelength
division multiplexer coupler connecting the second output
terminal of said second coupler to the second end of said
third gain fiber, whereby any leakage signal from said
second wavelength division multiplexer coupler to the

second end of said third gain fiber propagates

counterdirectionally through said third gain fiber with

respect to the signal coupled to said second gain fiber

from the first output terminal of said second coupler.

12. A multistage fiber amplifier in accordance with
claim 1 wherein said input stage and said output stage
comprise first and second optical gain fibers, an end of
sald first gain fiber being fused to ah end of said
second gain fiber.
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13. A multistage fiber amplifier in accordance with claim 1 substantially as

herein described with reference to the accompanying drawings.
DATED: 15 September, 1998
PHILLIPS ORMONDE & FITZPATRICK

Attorneys for:
CORNING INCORPORATED
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Abstract

The present invention relates to a multi-wavelength
multi-stage fiber amplifier exhibiting high power output
with a flat balanced gain spectrum. The input stage
exhibits a given passive loss and a flattened gain
spectrum. The output stage exhibits a passive loss that
is lower than the given passive loss and a gain spectrum
that is less flat than the gain spectrum of the input
stage. In a system utilizing erbium-based gain fibers,
the input stage gain fiber can contain an amount of
alumina sufficient to provide the desired gain spectrum
flatness, while the output stage gaih fiber has an
alumina concentration sufficiently low to render that

stage essentially lossless.
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