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Abstract: We investigate numerically the effect of ultralong Raman laser
fiber amplifier design parameters, such as span length, pumping distribution
and grating reflectivity, on the RIN transfer from the pump to the
transmitted signal. Comparison is provided to the performance of traditional
second-order Raman amplified schemes, showing a relative performance
penalty for ultralong laser systems that gets smaller as span length increases.
We show that careful choice of system parameters can be used to partially
offset such penalty.
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1. Introduction

Conventional silica optical fibers are susceptible to Raman scattering, with a Stokes frequency
at ~13.2 THz from that of the pump, which can be used to provide amplification over a chosen
range of wavelengths. The most important advantages of distributed optical fiber Raman
amplifiers [1,2] over traditional lumped optical amplification are their improved noise
performance and extended bandwidth. The fact that conventional optical fiber can be
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efficiently Raman pumped brings the opportunity of upgrading existing transmission systems
through the implementation of Raman amplification, whether on its own or combined with
other existing amplification solutions, increasing system performance and capacity. Recently,
ultralong Raman fiber lasers (URFLs) [3-7], in which transmission fiber acts as an ultralong
laser cavity that is used for signal amplification, have been shown to be able to provide
reduced signal power excursion with single-wavelength pumping, improving noise
performance and presenting itself as an interesting alternative to other high-order Raman
amplification schemes. Among the challenges of distributed Raman amplification, an
important one is pump-to-signal relative intensity noise (RIN) [8-12] transfer, caused by
fluctuations on the pump power that lead to a time-dependent variation of signal gain and are
thus imprinted in the signal.

In this paper, through the development of a new numerical model for higher order
distributed Raman amplifiers applicable to ultralong Raman fiber lasers, we investigate the
effect of system design parameters, such as span length, pump distribution and fiber Bragg
gratings (FBGs) reflectivity, on the relative intensity noise transfer performance of the system.

2. Theoretical model

The presented 2nd-order model for RIN transfer is a generalization of previously developed
descriptions [8-10], with the inclusion of some typically neglected effects that can have an
important impact in RIN transfer in the case of ultralong lasers, such as Rayleigh
backscattering. In this manuscript we focus on the study of two particular Raman-amplified
systems based on standard single-mode fiber (SMF), schematically described in Fig. 1.

(@ Fiber span (b) Fiber span
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Rx Tx
1550nm 1550nm
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Fig. 1. Schematic description of the studied pumped Raman amplifier systems. (a) Ultralong
Raman fiber laser. (b) Equivalent power distribution system with dual pumping scheme.

The first system corresponds to an SMF-based bi-directionally pumped URFL. It involves
a conventional standard optical fiber confined between a pair of fiber Bragg grating (FBG)
reflectors with a central wavelength of 1455 nm, corresponding to the first Raman Stokes of
the pump source. Reflectivity will be considered a variable in our study, as well as the length
of the fiber span, which ranges from 1 to 100 km. The pump power at 1366 nm is coupled into
the system through WDMs. The wavelength of the transmitted signal is at 1550 nm,
corresponds to the second Stokes of the pump source. As the pump power injected at 1366 nm
overcomes the threshold for the fiber cavity, a first Stokes component around 1455 nm is
generated and trapped between the grating reflectors. This component will behave as a second
pump source, providing a wide Raman gain bandwidth to the transmitted signal, located
around the second Stokes wavelength of 1550 nm. This structure provides quasi-lossless
transmission around 1550 nm for an optimally adjusted pump power [3,4,6].

The second system involves an identical fiber span to the previous one, but with no
reflectors at all, hence no laser cavity. The optical fiber is bi-directionally pumped with pumps
at 1366 nm and 1455 nm. The transmitted signal is again at 1550 nm, corresponding to the
second Stokes of the 1366 nm pumps and the first Stokes of the 1455 nm pumps.

In order to ensure a fair comparison between the performance of both systems, we operate
the second one as follows. We increase the pump power at 1366nm to the same level as we
would have done for the first system for an identical span length and signal power. Then, we
calculate the initial power at 1455 nm at each end of the fiber span for our first system and use
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exactly the same 1455 nm power value for the pumps of our second system. This allows us to
generate an equivalent amplifier system to the first one with exactly the same power
distribution for 1366 nm, 1455 nm and the signal 1550 nm, but using an extra bi-directional
pump source at 1455 nm instead of using FBGs. Hence, average power distributions inside the
two amplifiers are identical, which will make it possible to perform a direct comparison of
their respective RIN transfer performances. Therefore any difference on the RIN transfer
values between these two systems is expected to come from the impact of generating the
secondary pump in the ultralong laser cavity instead of using a dual wavelength pumping
scheme. Following the usual approach in published literature [8-12], the RIN is defined as the
ratio of the time-averaged mean square value of the power fluctuations to the squared average
power of the particular spectral component. We are interested in the spectral distribution of
pump-to-signal RIN transfer, monitored through the RIN transfer function defined as:

RING g ()
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where the corresponding RIN spectra are calculated from the ratio of the squared spectral
density of the amplitude noise to the squared average power of each component. The ordinary
differential equations that describe mathematically our model are subdivided in two groups.
On the one side we have a set of ODEs describing the average power evolution of pumps,
signal and propagation noise along the length of the fiber for a second order Raman amplifier
(with their respective boundary conditions set in accordance to the rules mentioned above to
make the comparison fair). This set of equations takes into account all relevant effects,
including pump depletion, amplified spontaneous emission (ASE) and double Rayleigh
scattering (DRS) noise. A detailed description of the model and its solution can be found in
reference [4]. On the other hand, the evolution of the spectral density of amplitude
noise in a second-order amplification scheme can be described through a
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where the n; represent the spectral density of amplitude noise, the group velocity for each
spectral component is represented by o, , the term d* =1/v, +1/v, accounts for the effect of

the relative propagation speeds of the different spectral components, z is the length measured
along the fiber span, P; represent the pump and signal powers at the different frequencies
(obtained through the solution of the set of ODEs in [4]), with the subscript “1”, referring to
the primary pump at 1366 nm, “2” being the first Stokes at 1455 nm, and “s” referring to the
signal at 1550 nm, whereas n; represent the spectral densities of the amplitude noise. The
attenuation coefficient, ¢, is in units of km™. The optical frequency for each spectral

component is represented by v;. The strength of the coupling between the pumps and the
signal are determined by g;, the Raman gain coefficients for the fiber, which have units of W™
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Km™. The pump modulation frequency is represented by ®. The signs + correspond to
components propagating in forward ( + ) or backward (-) direction. Here and through this
paper is assumed that the signal propagates in the forward + z direction. &; are the Rayleigh
backscattering coefficients of the fiber at each particular frequency. The cavity design
parameters are introduced in the boundary conditions. The FBGs are locatedatz=0and z=L
and have reflectivities R; and R, respectively. Each of the two schemes is described by a
different set of boundary conditions:

For scheme 1:n"(0) = ny,;n; (0) = ng;n* (0) = R, (0);n- (L) = R,n; (L);ng (0) =0 (®)

For scheme 2:n;"(0) = nj;;n, (0) = nyy;n; (0) = njy;n, (L) = ny;ng (0) =0 (6)
The complete system of equations can be expanded into its real and imaginary parts and
solved through a number of methods. In our case we have used a finite element method with
spline collocation at Gaussian points. Simulation parameters are summarized on Table 1.

Table 1. Simulation parameters

g o € d* d
Wavelength (nm) ~ (W'km™)  (dB/km) (km™) (s/m) (s/m)
1366 0.51 0.33 1.0x10*  2.8x10° 1.0x10°°
1455 0.36 0.26 6.0x10°  1.35x10° 1.0x10°°

1550 - 0.20 4.3x10°° -

3. Results and discussion

Unless otherwise stated, all the calculations for the numerical simulation work shown on this
manuscript are subject to the zero-loss condition; that is, total pump powers are automatically
adjusted to obtain identical output signal power to the input one, regardless of span length,
pump power distribution or any other parameter of the amplifier system.

The numerical results for the RIN transfer value for different span lengths are graphically
represented below. Figure 2(a) the ultralong laser cavity with 90% reflectivity FBGs and
Fig. 2(b) the dual pumping scheme with no FBGs. The value of transmitted signal is 1 mW in
both cases, ensuring low pump depletion. The final obtained transfer function is independent
of the initial RIN of the laser pumps, as long as this is set to be identical for the different
sources. The only variable parameter is the length of the fiber span; otherwise the forward-
backward pump ratio distribution is symmetric and the zero-loss condition is applied.
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Fig. 2. RIN transfer value at several span lengths for (a) laser cavity with 90% FBGs and (b)
fiber span dual pumping scheme without reflectors.

As a general trend, the maximum RIN transfer value increases with length regardless of
whether the Raman amplifier is a laser cavity, Fig. 2(a), or a simple fiber span without
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reflectors, Fig. 2(b). The maximum RIN value at 75 km, for the cases of laser cavity with
FBGs at 90% reflectivity and fiber span without reflectors, are 17 dB and 12.25 dB
respectively (i.e. RIN transfer is 4.75 dB higher in the ultralong cavity). A penalty in terms of
maximum value of the RIN transfer for the ultralong laser cavity in comparison with the dual
pumping scheme without reflectors is observed in all cases. The differences between the
performances of both schemes, though, are reduced with increasing span length. A major
distinction between both systems is the decline of the RIN transfer value at higher modulation
frequencies. Whilst in the case of the dual pumping scheme without reflectors the RIN
transfer drops gradually with increasing modulation frequency, in the case of the laser cavity
the RIN transfer value shows a fluctuating behavior towards lower values, especially for the
longer span lengths. A direct comparison of the RIN transfer value between both systems is
graphically presented in Fig. 3(a) for two particular cases, the RIN transfer value at its
maximum (lowest modulation frequency) and at 4 kHz. The RIN transfer value in both
systems converges for longer span lengths. Also the value of the RIN transfer at 4 kHz is
lower in the case of dual pumping scheme than the ultralong cavity. Furthermore, as
Fig. 3(b) shows, the cutoff frequency (taken here as the frequency at which the RIN transfer
has dropped 2 dB below its maximum value for the particular configuration) is lower for the
laser cavity case than for the fiber span without reflectors, given the same fiber length and
power conditions. As in the case of a standard amplifier, the cut-off frequency is dependent on
dispersion (through pump walk-off) fiber loss, and shows a strong dependence on span
lengths mainly for short spans below 40 km in the case of standard fiber [8]. The faster
oscillating behavior and lower cut-off frequency in the case of the ultralong cavity are
illustrated on Fig. 3(c).
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Fig. 3. (a) Maximum RIN transfer value and value at 4 kHz at versus span length for the two
considered schemes, (b) 2 dB drop frequency versus span length for the two considered
schemes, (c) subset of results from figure 2(a)

The unusual behaviour of the oscillations in the cavity compared to the case of a standard
second-order amplification scheme can be attributed to a combination of the presence of peaks
corresponding to the cavity round-trip and the fact that oscillations in the backward-
propagating components are reinforced due to the boundary conditions set by the FBG
reflectors, which feed them back into the cavity.

The pump power split has a clear impact on the RIN transfer value. For the case of a laser
cavity, shown in Figs. 4(a) and 4(c) the optimum pump split for the lowest RIN transfer value
is 80% forward - 20% backward, with a maximum RIN transfer function value of 16.83 dB.
Using any pump power split other than 80% / 20% causes relatively small variations of up to
0.9 dBs to the RIN transfer value. Symmetric pumping is, on the other hand, the best option
for the case of the dual-wavelength pumping scheme without reflectors, as shown in Fig. 4(b)
and 4(c), with a RIN transfer value of 12.25 dB. In this case, though, the RIN transfer function
is much more sensitive to deviations from the optimal case, and can go up to 2.6 dB higher if
we move away from the symmetrical configuration. The RIN transfer value drops
continuously for higher modulation frequencies in all the cases where the major pump
contribution is from the backward pump (pump ratio close to 0), whereas forward pumping
leads to oscillations in the RIN transfer at higher frequencies, especially in the case of a laser
cavity, increasing as well the 2 dB drop frequency for the case of dual pumping without
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reflectors. As before, such drop appears at lower frequencies in the case of a laser cavity than
the dual pumping scheme without reflectors. As well, the oscillations of the RIN transfer
function are stronger for the case of laser cavity.

The effect of the pump split is shown on Fig. 4 for the cases of (a) laser cavity with 90%
reflectivity FBGs and (b) dual pumping scheme without reflector. The value of transmitted
signal is the same as previously, 1 mW. The span length is fixed at 75 km. The pump ratio is
defined as the ratio of the forward pump power to the total pump power.
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Fig. 4. RIN transfer value vs. pump ratio and Frequency for the case of (a) a 75km laser cavity
with 90% reflectors, (b) a 75km dual-wavelength second-order pumping scheme without
reflectors and (c) subset results from (a) and (b).

Grating reflectivity also plays an important role on the transfer of RIN. Fig. 5(a) shows the
RIN transfer values in a 75 km ultralong laser cavity as grating reflectivity is varied from
0.1% to 100%. These results were, as before, calculated using a 1 mW forward transmitted
signal. As observed in the previous results and Fig. 5(c), the 2 dB drop frequency is lower for
higher reflectivies. A subset of the results shown on Fig. 5(a) is plotted on Fig. 5(b). From the
figure we can observe that at low frequencies, the maximum value of the RIN transfer is set at
15% reflectivity. At higher modulation frequencies, such as 6 kHz, the worst case moves to
lower FBGs reflectivity, 5%. The fact that cavities with relatively low reflectivity show worse
RIN transfer performance than higher reflectivity may have interesting implications, for
example, in areas such as that of random feedback ultralong Raman fiber lasers [13].
Maximum care should be provided in order to minimize any unwanted reflectivity in an
experimental system.
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Fig. 5. (@) RIN transfer value vs. reflectivity and frequency for a 75 km laser cavity for
different FBG reflectivities. (b) Subset of RIN transfer value vs. FBG reflectivity for different
frequencies. (c) 2 dB drop frequency vs. FBGs reflectivity for the same cavity.
4. Conclusion

We have presented a numerical study of RIN transfer in second-order distributed Raman
amplifiers, with special attention to ultralong Raman fiber lasers (URFL). The new numerical
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model developed allows us to achieve a better understanding of how the design parameters of
an ultralong laser cavity affect the RIN transfer performance of the system.

As expected, span length has a major impact on RIN transfer, increasing transfer for
longer lengths regardless of the second-order configuration studied, but interestingly, the
maximum RIN transfer value reached at low modulation frequencies asymptotically
converges towards a common value for long lengths for the different configurations studied.
URFLs display a performance penalty in comparison to standard multiwavelength-pumped
second-order amplifiers, but also a rather different response to system parameter variation,
being in general more robust to pump asymmetries as observed from Fig. 4. The maximum
RIN transfer value in URFLs is not linked to the highest FBG reflectivity, but in fact, happens
at relative low reflectivity of 15%. Pump split is also a key parameter which affects the
maximum value of the RIN transfer function in different degrees depending on whether we
are using a laser cavity or a dual-wavelength pumping scheme without reflectors. In addition,
it is also related to the oscillating behavior of the RIN transfer function at higher frequencies,
which becomes more obvious as the relative contribution of forward pumping increases.

Finally, we have observed that the cutoff frequency for the RIN transfer function, taken as
the frequency at which the RIN transfer has dropped 2 dB below its maximum value for the
particular configuration, is reduced not only with increasing span length, but also with
increasing FBG reflectivity. In addition, cavities with relative low reflectivity show worse
RIN transfer performance than higher reflectivity ones, which might have interesting
implications in the future design and implementation of low-reflectivity systems making use
of random distributed feedback.
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