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Fibre Raman amplifier pumped by continuous-spectrum radiation

S.M. Kobtsev, A.A. Pustovskikh

Abstract. The results of numerical calculations of a fibre
Raman amplifier pumped by continuous-spectrum radiation
are presented. It is shown that the Raman gain flatness better
than 0.1 dB can be achieved in the spectral region between
1528 and 1599 nm at the average gain of 7.7 dB, and the gain
flatness of 0.042 dB in the case of the zero average small-
signal gain in a 25-km SMF-28 fibre pumped by the 1-W and
364-mW backward radiation, respectively. Different variants
of the approximation of the found optimal pump spectrum by
a combination of four discrete radiation sources with
broadened spectral lines are studied.
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1. Introduction

Fibre amplifiers based on stimulated Raman scattering are
of great interest for fibreoptic communication systems [1].
Their advantages over semiconductor amplifiers and
erbium-doped fibre amplifiers are the principal possibility
to amplify a signal at any wavelength and the use of the
fibre itself as a gain medium. In addition, they have a rather
high signal-to-noise ratio and also can provide the broad-
ening of the gain band upon pumping at different
wavelengths [2]. The broadening of the gain band of
amplifiers in modern fibreoptic communication systems is
extremely urgent due to progress in the WDM technology
and the development of new fibres with low optical losses in
a broader spectral region (for example, Lucent AllWave or
Corning TrueWave optical fibres).

In broadening the gain band of amplifiers, the primary
problem is to provide the Raman gain flatness over the
entire gain band, which is achieved conventionally by
increasing the number (up to 12 [2] and above) of narrow-
band pump sources emitting at different wavelengths and
the adjustment of their wavelengths and output powers. The
optimisation of the pump wavelengths and powers allows
one to decrease the number of pump sources without any
substantial deterioration of the basic parameters of Raman
amplifiers [3]. This is also possible by using pump sources
with broadened emission lines [4].
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Another approach providing a high flatness of the
Raman gain in broadband Raman amplifiers is based on
the use of one pump source with a wavelength rapidly
tunable in a broad spectral region [5]. However, this method
was not experimentally realised so far.

The methods of multiwave and broadband pumping of
Raman amplifiers were further developed by using a pump
source with a continuous spectrum [6, 7], which can provide
the best Raman gain flatness. The author of paper [6], using
some approximations, solved numerically the inverse prob-
lem of a search for the pump band shape providing the
maximum possible flatness of the Raman gain in the given
spectral region. It was predicted theoretically that the
Raman gain flatness can be better than 0.0025 dB within
the band of width 65 nm when the width of the continuous
pump spectrum is 85 nm. However, the pump spectrum
considered in Ref. [6] has a relatively complicated structure,
and it is quite difficult to use this pump scheme in real
amplifiers. Therefore, it is interesting to attempt to find a
simpler shape of a continuous pump spectrum that would
provide the maximum possible flatness of the Raman gain
band in the given spectral region.

2. Numerical model
and results of the study

The propagation of a signal and the Raman interaction of
the spectral components of the signal and pump radiation
are described by a system of nonlinear equations. There-
fore, the analytic solution of the inverse problem of Raman
scattering in realistic models is impossible. For this reason,
all the attempts to solve the inverse problem were based so
far either on approximate models of the Raman gain in
fibres, in which various quantities were averaged at certain
calculation stages [6], or on a search for a certain algorithm
for selecting the optimal continuous pump spectrum for a
Raman amplifier [3, 7, §].

Apart from the gain profile flatness, the average gain
also plays an important role. If in the case of a distributed
gain, it is necessary to reconstruct the initial power level of a
signal radiation at the end of the communication line, then
the efficiency of point amplifiers (or pre-amplifiers) deter-
mines the average value of the gain. It is obvious that the
latter depends on the pump power; however, this depen-
dence is nonlinear because of the Raman interaction
between the spectral components of the pump radiation.
Therefore, to determine the optimal pump spectrum for
different parameters of a Raman amplifier, it is necessary to
consider separately each specified amplification level.
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In this paper, we simulated a Raman amplifier using the
most comprehensive numerical model [9], which takes into
account basic physical processes affecting the Raman gain
such as stimulated and spontaneous Raman scattering,
Rayleigh scattering, temperature dependence, nonlinear
interactions of the spectral components of the signal and
pump, and cross (signal-pump) interactions in both direc-
tions, and the generation of high-order Stokes components:
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—10 dBm per channel and the total pump power was 1 W.
The continuous pump spectrum was simulated wit the help
of 31 monochromatic sources emitting spectral lines sepa-
rated by 14 cm™' in the 1408—1490-nm region. Figure 2
shows the optimal Raman gain profiles with the correspond-
ing continuous pump spectra for the cases of nonzero and
zero average gains. In the first case, the Raman gain flatness
is less than 0.1 dB, while in the second case, it is 0.042 dB
(the total pump power was 1 and 0.365 W, respectively).
The spectral width of the gain profile was 71 nm in the range
from 1528 to 1599 nm.
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where P, is the spectral power in the interval Av at the
frequency v propagating in both directions; o, and ¢, are the
spectrally dependent coefficients of optical losses and
Raman scattering in the fibre; g, is the Raman gain of
the signal at the frequency v by pumping at the frequency p;
A, is the effective scattering area at the frequency u;
coefficients 2 and 4 appear in terms of spontaneous Raman
scattering due to the depolarised noise spectral components
in the cross signal —noise and noise—noise interactions; and
h, k, and T are the Planck constant, the Boltzmann
constant, and temperature, respectively. Figure 1 shows the
spectral dependences of the optical loss coefficient o and the
effective scattering area 4.y for a SMF-28 fibre, which were
used in the numerical simulation of the Raman gain. The
system of equations was supplemented by the boundary
conditions at both ends of the fibre.

The optimal continuous pump spectrum for the Raman
amplifier providing the maximum gain profile flatness was
found by varying the spectral profile of the pump radiation.
Calculations were performed for a standard 25-km SMF-28
fibre. The initial signal power coupled to the fibre was
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Figure 1. Spectral dependences of o and A for a SMF-28 fibre.

a /M
z &
= 75 &
,:% 0.8 {5’
= 7.0
g 06 s
2 6.5
E o4t o
& - :
0.2 ~ 5.5
0 1 1 1 1 1 50
1400 1440 1480 1520 1560 1600
Wavelength/nm
a
1ok
Z 1° =
= 08 | =
g 1-02 3
s 06 -
2 1 04
=
a L
g 0.4
2 4 —0.6
0.2 <
+4 —0.8
0 1 1 1 1 1
1400 1440 1480 1520 1560 1600
b Wavelength /nm

Figure 2. Optimal Raman gain profiles with the corresponding conti-
nuous pump spectra in the cases of nonzero (a) and zero (b) average
gains.

The required shapes of optimal continuous pump spectra
were obtained at the first stage of the optimisation. The
shapes of these spectra were then approximated by a
polynomial of seven degree (Fig. 3), the smoother approxi-
mated pump spectrum providing the same (0.1 dB) flatness
in the same spectral region from 1528 to 1599 nm.

Because the shape of the optimal continuous pump
spectrum (Fig. 3) is substantially simpler than that of the
spectrum presented in Ref. [6], the former spectrum can be
quite easily realised experimentally by slightly decreasing the
number of broadband pump sources.

Note that the consideration of a set of broadband pump
sources needed for producing a continuous spectrum is
justified from the point of view of the experimental
realisation of such a pump scheme. The required spectral
broadening of the emission lines of available 14XX-nm
sources can be achieved by using both special fibres [4] and
diode lasers themselves without spectrally selective elements
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Figure 3. Raman gain profile for the discrete pump spectrum (dashed 2 8
curve) and its polynomial approximation (solid curve). § 4 7.50 ?
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In this connection, we analysed numerically the pump & 1625
scheme for a 25-km Raman amplifier, in which four 6.00
broadband pump sources produce the spectrum approxi- 1
mating the found optimal continuous pump spectrum. The : : —= 5.75
pump lines were described by Gaussians with the FWHM 10 1400 1440 1480 1520 1560 1600
and 15 nm and the wavelengths and powers of the pump . Wavelength /nm

lines were optimised to obtain the best fit of the optimal
pump spectrum with the best Raman gain flatness.

Figure 4 shows the 1-W pump spectra consisting of four
Gaussians and the corresponding Raman gain spectra. The
Raman gain flatness does not exceed 0.3 dB in the spectral
range from 1526 to 1578 nm for the average small-signal
gain equal to 8.7 dB and the width of Gaussians forming the
pump spectrum equal to 10 nm. The wavelengths of the
pump sources were 1421, 1440, 1460, and 1487 nm. When
the width of Gaussians was 15 nm, the Raman gain flatness
did not exceed 0.15 dB in the spectral range from 1520 to
1600 nm for the average small-signal gain equal to 7.5 dB
(the pump spectrum was formed by pump sources with
wavelengths 1413, 1433, 1454, and 1492 nm).

It is important to note that one of the optimisation
conditions in the simulation of the continuous pump
spectrum of a Raman amplifier was a complete use of
the pump spectrum power to form the Raman gain profile
without spectral filtration. This condition is explained by the
requirement of the maximum simplicity and efficiency of the
pump scheme. The short-wavelength boundary of the pump
spectrum was limited by the ~ 1400-nm absorption peak of
a standard single-mode fibre, so that the Raman amplifi-
cation with pump wavelengths shorter than 1400 nm is
inefficient. However, the spectral range of amplification can
be extended to the short-wavelength region by using fibres
with lower optical losses (for example, Lucent AllWave or
Corning TrueWave fibres).

From the point of view of the experimental realisation of
a continuous pump spectrum for a Raman amplifier, this
pump scheme seems most convenient. It can be optimally
realised by using four laser diodes (without spectrally

selective elements) emitting at the appropriate wavelengths g

or emitting lines broadened up to 10—15 nm.
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Figure 4. Optimal pump spectra (dotted curves), their approximations
(dashed curves), and the corresponding Raman gain profiles (solid
curves) for the width of Gaussian components of the pump spectra equal
to 10 (a) and 15 nm (b).

3. Conclusions

The shapes of continuous pump spectra for Raman
amplifiers have been determined which provide the best
Raman gain flatness in a broad spectral region. It is shown
that the Raman gain flatness can be less than 0.1 dB in the
case of the nonzero average small-signal gain and can be
0.042 dB in the case of the zero small-signal gain (the total
pump power is 1 and 0.365 W, respectively). In this case,
the spectral width of the gain profile is 71 nm. The variants
of realisation of optimal continuous pump spectra using
four pump sources with broadened emission lines have been
considered. For pump linewidths of 15 nm, the Raman gain
flatness does not exceed 0.15 dB in the wavelength range
from 1520 to 1600 nm for the average small-signal gain eqal
to 7.5 dB.
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