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Abstract: We present, for the first time, an experimental demonstration of RIN noise transfer
dampening at low frequencies in random distributed feedback ultralong Raman fibre lasers based
on conventional telecommunication fibres. Furthermore, we present a thorough theoretical
description of the phenomenon and demonstrate how our model can be used to predict the
observed behaviour, identifying the general requirements for system improvement through RIN
transfer reduction.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The concept of laser light generation in cavity-less random active media was introduced by
Letokhov in 1966-1968 [1,2], initially in the context of studies of interstellar radiation. Where
traditional laser schemes are based on resonant cavities for feedback generation, random lasers use
the random multiple scattering of photons in the gain medium, generating a modeless-behaviour
laser [3]. Random lasers have attracted a great deal of attention thanks to their unique features,
including their relative simplicity and their lack of need for a defined cavity structure [4]. At the
same time, their disorderly nature has often become a hindrance to their systematic design and
application. A notable exception to this rule is provided by randomly distributed feedback Raman
fibre lasers (RDFLs), first proposed in [5] as a particular kind of ultralong fiber laser in which
feedback is provided by Rayleigh backscattering spatially distributed along the fibre length. In
contrast with other kinds of random lasers, the use of conventional optical fibre as both the gain
and transport medium allows for high efficiency, narrow bandwidth and intrinsically directional
output [6-9]. Thanks to this, multiple applications in both sensing and communications have
become possible [10-12].

Although highly versatile, RDFLs are, like other Raman fibre lasers, limited in their performance
by relative intensity noise (RIN) transfer from their pumps. In some of the most useful ultralong
RDFL configurations, the need for powerful, also fibre-based and thus intrinsically noisy pumps
remains unavoidable. Previous analysis of the RIN transfer in random lasers [13,14] showed
the influence of pump power and fibre characteristics on the frequency-dependent RIN transfer
function, leading to the presence of multiple regimes, which make determining the optimal
configuration for a particular application a daunting task. In previous work [15] we theoretically
predicted that in some particular configurations, the maximum RIN transfer in RDFLs that
typically happens at low modulation frequencies could be dampened, leading to an anomalous
RIN transfer profile in which pump intensity noise is transferred efficiently only to a mid-frequency
band, which could help reduce noise impairments in telecommunications and sensing. Recently
[16], we presented a particular case for which this effect could be demonstrated experimentally.
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In this work we theoretically explore and for the first time experimentally demonstrate this
promising regime in a broad range of configurations, which could have great implications in the
design of high performance RDFLs with reduced noise.

2. Model

The most accurate model to date of RIN transfer from the pump to the Stokes in RDFLs was
originally proposed in [13], based on the solution of the set of coupled ordinary differential
equations (ODEs) describing the average-power evolution of the different components for the
pump and Stokes signals (Egs. (1)—(3)), and then using the obtained solution as an input to the
complex set of equations describing the evolution of the amplitude noise spectral density for the
same components (Egs. (4)-(6)):
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where w represents the oscillation frequency, subscripts P, S1 and S2 refer to the pump, first stokes
(signal) and second Stokes (which can be triggered if pump power is high enough) respectively,
while signs + and — indicate components propagating in the forward and backward directions.
P; represent the average powers and n; the amplitude noise spectral densities. Attenuation
coefficients are represented by o, g is the Raman gain coefficient from the pump to the Stokes
and g; are the Rayleigh coefficients at each component’s optical frequency, vj. Av; represent the
effective bandwidths for each component. Kp is Boltzmann’s constant, h is Plank’s constant and
T is the absolute temperature of the fiber. Finally, zi:vl, F t takes into account the different
velocities in the transmission and v; are the group velocities for each component. The system
of equations takes into account all relevant effects such as attenuation, pump depletion and
Rayleigh backscattering, and is valid to describe any second-order cascaded Raman laser setup,
adjusting boundary conditions to define the actual laser architecture (pump location, presence of
reflectors, etc.). Please note that the set of equations accounts for the generation and evolution
of a second Stokes component, since this plays a relevant role in the observed anomalous RIN
transfer response.



Research Article Vol. 28, No. 19/14 September 2020/ Optics Express 28236 |

Optics EXPRESS N

Once the solution for ng(w) is found, the RIN transfer function is defined as

ns1(w)?
Ps,?

RIN;,2

Hpiv(w) =

in order to compare to the electrically measured RIN transfer function, where RINj, is the input
optical RIN noise value for the pump. Output laser RIN is mainly proportional to the value of the
input pump RIN [17], so in general the RIN transfer function shows little variation for different
values of the input pump RIN.

The three most commonly used first-order RDFL configurations [7,18] are summarised in
Fig. 1. These include the original centrally-pumped design (a), the more efficient reflector-aided
setup (b), as well as the simpler single-pumped lasers (c). Note that case (b) is equivalent to case
(a) (for half of the fiber length) in terms of component propagation and behaviour only if the
reflector element behaves ideally for both the pump and Stokes components, and similarly case
(b) is equivalent to case (c) when reflectivity becomes O.
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Fig. 1. Schematic depictions of the three RDFL configurations under consideration.

The theoretical performance in terms of RIN transfer has been calculated for the above
configurations, using realistic fiber and component characteristics easily replicable in the
laboratory. A summary of these results is shown in Fig. 2(a), for the case of 50-km lasers made
of standard ITU G652 SMF-28 fiber. Transfer function values in Fig. 2 have been obtained
assuming a constant input RIN noise from the pump. Please note that in the centrally-pumped
case considered in Fig. 2(a), the pumping point is located at the middle of the 50 km span, with
pump power split equally between the two pumps, so the system is equivalent to an “ideal mirror”
setup of half the pump power and fiber length.
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Fig. 2. (a) RIN Transfer for different random laser pumping at 2.3 W for different RDFL
configurations. (b) RIN transfer vs. pump power and frequency for the mirrorless case and
(c) RIN transfer vs. pump power for the case with a 20% reflectivity reflector at 1550 nm
(right)

Interestingly, an anomalous behaviour of the RIN transfer function can be clearly observed for
the simplest configuration, the mirrorless scheme corresponding to configuration (c) of Fig. 1,
in which a Stokes component at 1550 nm is directly generated by strongly pumping the fibre
from one end at 1455 nm. In this configuration, the RIN transfer for the region between 10 kHz
and 1 MHz is approximately 7 dB higher than for lower frequencies. On the other hand, when a
frequency-selective reflective element operating at the Stokes frequency, such as a fiber Bragg
grating (FBQG), is located at the pumping fiber-end, this anomalous effect is less evident, even
with a low reflectivity (20%), except for a limited range of pump powers, for which the effect can
be very intense. For the configuration employing an ideal (100% reflectivity) FBG at 1550 nm,
we can observe a slight increase (barely 1 dB) on the RIN transfer between 10 kHz and 20 kHz.

To gather more information about the physical mechanisms at play, which will be explained in
more detail in the discussion section, it is convenient to observe the performance dependence with
the rise of the pump power, as depicted in Figs. 2(b) and 2(c). For the mirrorless configuration,
the RIN transfer is reduced when the pump power is increased. This reduction is higher for low
frequencies and it produces a maximum RIN transfer difference between low and high frequencies
as the pump power is increased. On the other hand, this effect is less visible for the configurations
employing a mirror or FBG, in which the potential RIN transfer reduction is also very high,
but restricted to pump powers in the vicinity of the threshold for the second Stokes. This is
highlighted in Fig. 2(c), in which the transfer function is almost flat for an extensive bandwidth
until the anomalous effect emerges with a reduction of more than 10 dB in the transfer function at
low frequencies when the pump power is close to the threshold for lasing at 1645 nm (second
Raman Stokes). Above this threshold, RIN transfer is increased, and this effect disappears. This
dependence with pump power is similar for any configuration employing a reflector.

When the reflective element is replaced by an ideal mirror capable of reflecting both pump
and Stokes signals, or in the equivalent case of a centrally-pumped RDFL configuration, RIN
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transfer is always higher for the mid frequencies, and drops quickly after just 20 kHz for every
configuration.

3. Experimental results

In order to study the RIN transfer behaviour experimentally, we set up the system schematically
depicted in Fig. 3. Here, the setup resembles configuration (b) of Fig. 1, with a recirculating
loop mirror acting as the reflector element and a 1555 nm filter with a 0.3 nm bandwidth adding
frequency selectivity. Reflectivity was measured at 20%. Two wavelength division multiplexers
(WDMs) are used for injecting the pump laser at 1445nm (IPG Photonics, RLD-5K-1445) into
the cavity, which can be made of different Fibers Under Test (FUT) and for removing the residual
pump at the output. A fiber isolator at the output is used to avoid reflections.

1445 nm
pump

P p—
~__ /,i .

WDM FUT WDM Output
: Fiiter-J

1555 nm

Fig. 3. Schematic of the RDFL setup

The RIN transfer function can be in principle obtained by directly modulating the pump
intensity as in [19,20]. However, in our case this approach requires wide bandwidth modulation
up to 1 GHz or more. A simpler way to retrieve it is to exploit the intrinsic fiber laser pump RIN,
and simply dividing the measured output RIN of the laser by that of the laser pump [21] after
careful characterization of both. The available pump operates at 1445 nm, which although does
not match the ideal wavelength for maximum Raman gain at the filter’s central wavelength of
1555 nm still provides efficient amplification.

The detection method combines two systems, one for the low Fourier frequencies (<10 MHz)
and a second one for higher frequencies which could reach up to 6 GHz. For low frequencies, 10
Hz to IMHz, a low-noise custom-made photodetector (BW 10 MHz) and a vector signal analyser
(FFT Agilent 89410A) were used. On the other hand, for the high-frequency measurements, a
fast photodetector with a 6 GHz BW (DS100S) and a spectrum analyser (R&S FSP30) were used.
A calibration between both detection systems was carried out showing an offset of about 2 dB,
consistent with both the detection system and the analysers’ calibration errors. Having more
than one decade spectrum overlap between the two detection systems allows for offset removing.
An optical spectrum analyser (OSA, Advantest Q8384) with 0.01 nm resolution was used for
monitoring the laser spectra.

We carried out the measurement of the RIN transfer function for different fibers; 50 km of
SMF G652 and 25 km of TrueWave fiber, and 2.4 km dispersion-compensating fiber (DCF-20).
In order to use the same pump power conditions for all the FUT and to operate far from lasing
thresholds in all the configurations, we used a pump power of 2.6 W. The output power as well as
the physical characteristics of the fibers are summarized in Table 1.

As can be seen in Figs. 4 and 5 below, a reduction in the RIN transfer at low frequencies is
evident for both the 25 km TrueWave and the 50 km SMF-based lasers. This reduction apparently
increases with fibre length, reaching 5 dB in the 25 km case, but 10 dB in the case of the 50 km
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Table 1. System characteristics.

FUT Output  Effective ~ D@1.5 pm 01445 ajsss a1650 21555 21650
power Area

SMF50 108mW  ~70um?> 18ps/mmkm  0.24 dB 0.19 dB 021dB  035wW~! o027w!
km km™! km™! km™! km™! km™!

TW25km 564mW  ~72um?> -3 ps/mmkm  0.29 dB 0.20 dB 0.22 dB 06w 036wW!
km™! km™! km™! km™! km™!

DCF24 248mW  ~20um?> —340psinm 12dBkm™! 0.6dBkm™! 0.8dBkm™! 40w~ 25wW-!
km km km™! km™!

fibre. Experimental results exhibit a peak at 600 Hz. This is generated by technical noise coupled
to the detection system, and it appears in all the traces presented.
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—TrueWave 25 km (Experiment)
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RIN Transfer [dB]
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Fig. 4. Measured (black) and simulated (red) RIN transfer curves for the 25 km TrueWave
fiber configuration.
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Fig. 5. Measured (black) and simulated (red) RIN transfer curves for the 50 km SMF
configuration.

Experimental results are in very good agreement with the simulations, both in terms of
the RIN transfer function shape and its magnitude, although limitations in the experimental
characterisation of all variables affecting RIN transfer, and in particular the fiber dispersion profile
for all the frequencies involved, leads to some noticeable differences between the simulated and
experimental curves. Furthermore, there is a certain amount of uncertainty due to experimental
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Fig. 6. Measured (black) and simulated (red) RIN transfer curves for the 2.4 km DCF
configuration.

limitations in the measurement of RIN at frequencies above 300 MHz. Nevertheless, the
anomalous RIN transfer regime is present in all cases.

Similar results are obtained for the significantly shorter dispersion-compensation fiber (Fig. 6),
which displays much higher Raman gain and attenuation coefficients. Here the RIN reduction for
low frequencies is, once again, close to 10 dB.

4. Discussion

As we have observed, the predicted anomalous reduction of the RIN transfer at low frequencies
is easily verifiable at relatively moderate pump powers and using a standard communications
fibre. As we will see, the observed behaviour finds its origin in the triple interaction between the
generated signal in the counter-propagating direction, the Raman pump and the co-propagating
signal. Pump power oscillations at low frequencies suffer more depletion due to oscillations at
matching frequencies in the counter-propagating signal. This, consequently, reduces RIN transfer
at lower frequencies to the co-propagating generated signal. However, as the RIN transfer to
counter-propagating signals has a cut-off frequency close to 10 kHz, this effect is neglected for
higher frequencies, becoming non-selective.

This interpretation is compatible with an observed increase of the RIN transfer at low-frequency
components in the counter-propagating components, which can be verified by monitoring the RIN
at the header of the laser, directly from the output port 3 of the circulator. Figure 7(a) compares
the RIN transfer functions at the co-propagating laser output and at the counter-propagating
header for the 50 km SMF setup, which as expected display opposite tendencies with regards to
low and high-frequency noise.

A more complete picture of the phenomenon can be obtained by artificially turning off specific
physical effects in the model, which helps us to understand their relative and combined contribution
to the overall RIN transfer function. In the curves in Fig. 7(b), the interactions between pumps
and signals in a 50 km length SMF configuration including a frequency-selective 20% reflectivity
mirror have been separately turned off, so the individual impact of each contribution can be
evaluated. There are mainly two conditions for the observation of the anomalous behaviour:

* The presence of non-negligible Rayleigh backscattering feedback. As it is shown in the
figure, if the effect of Rayleigh backscattering is neglected, RIN transfer is constant up to
10 MHz.

* The power of the counter-propagating Stokes signal should be comparable to that of the
co-propagating one over the first few kilometres of fibre. This happens always for the
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Fig. 7. (a) Comparison between the co-propagating (red) and counter-propagating (blue)
RIN transfer functions in the 50 km SMF case. (b) Contribution of different effects to the
RIN transfer function in t 50 km SMF configuration.

mirrorless case, as well as for configurations with a reflector when pump power is close to
the lasing threshold of the second Stokes. Component depletion, both from the pump and
from the Stokes, favors this situation, and indeed if depletion is removed from the model,
anomalous RIN transfer cannot be predicted at all.

Perhaps even more interestingly, simulations confirm that these effects contribute to a general
reduction of the RIN transfer function. That is, the observed anomalous RIN transfer is not
caused by an increase of the RIN at higher frequencies, but to an important reduction of RIN
transfer at lower frequencies, which could in turn translate into a noticeable improvement in
noise performance for RDFL-based distributed amplifiers for sensing and communications.

5. Conclusion

We have experimentally demonstrated and theoretically described for the first time the reduction
of RIN transfer at low frequencies in ultralong random distributed feedback Raman fibre lasers
through the interaction between co-and counter-propagating pump and Stokes components. This
reduction has been shown to be as important as 10 dB in all the cases considered, which included
setups based on 25 km of TrueWave fiber, 50 km of ITU G.652 SMF and a 2.4 km of DCF.
Moreover, we have identified the conditions for obtaining a RIN transfer reduction in conventional
fibre based random laser setups, showing how this effect can be harnessed through system design,
paving the way to its direct application in amplification schemes with application both in sensing
and telecommunications.
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