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Abstract: Based on shape characteristics of the Raman gain spectrum, we extend the
Random fiber laser remote sensing scenarios from quasi-static to dynamic, achieving 10
kHz signal demodulation over 100 km fiber. © 2022 The Author(s)

1. Introduction

Random fiber laser (RFL) has the characteristics of simple structure, wavelength agility and high efficiency [1–3].
It has shown its importance in many fields such as optical fiber sensing, optical fiber communication, optical
imaging, etc [4]. Among them, the Rayleigh scattering-based RFL without sensing FBG has the advantages of
being insensitive to temperature/strain and can realize ultra-long cavity, so that the environmental information
applied on fiber Bragg grating (FBG) can be stably transmitted from the remote end back to the receiving port [5].

There are three main types of remote FBG sensing systems based on RFL: The first is based on a backward-
pumped RFL, and the sensing FBG is used as a part of the RFL cavity. In 2012, based on this scheme and using
sencond-order RFL, our group achieved a 100 km sensing distance with optical signal-to-noise ratio up to 35
dB [5]; The second type is based on a forward-pumped RFL, which can transmit more optical power to the remote
FBG, achieving a 200 km sensing distance in Ref. [6]; In addition, it can also be based on a pulse modulated RFL
for sensing [7], and the sensing principle is similar to the optical time domain reflectometry. The above-mentioned
sensing scheme has significantly improved the FBG sensing distance. However, due to the low speed of the optical
spectrum demodulation or the limitation of the sensing principle, the current remote RFL sensing is mostly used
for measurements of quasi-static parameters for the sensing bandwidth does not break the limit determined by the
optical round-trip time [8]. At present, the ultra-fast RFL sensing is mainly focused on short-distance scenes [9].

In this work, ultra-fast remote disturbance demodulation based on RFL is realized, by using the shape charac-
teristics of the Raman gain spectrum. Based on a time-dependent power-balance model, we found that the RFL
output power is sensitive to the Raman gain, which will change corresponding to the center wavelength of the
FBG. By choosing the linear interval of the Raman gain spectrum, a 100 km remote dynamic sensing is realized
with linear response to the strain, and achieved 10 kHz signal demodulation, which is 10 times higher than that
determined by the lightwave round-trip time in the pulse-probing cases.

2. Principle

The time-dependent power-balance model can accurately describe the evolution of the RFL output power [10,11].
Therefore, it is suitable for studying the time-domain properties in RFL dynamic sensing case, which can be
expressed as:
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where P is the optical power; lower indexes ‘0’, ‘1’ and ‘2’ correspond to the 1365 nm pump, 1461 nm 1st-
order stokes and 1550 nm 2nd-order stokes lasing, respectively; f is the wave frequency; vg is the group velocity
(vg = 2× 108m/s); α , g, ε and Γ are the fiber linear loss, Raman gain, Rayleigh backscattering coefficient, and
the population of the ASE photon, respectively. The values of them can be found in Ref. [12]; Particularly, g2 is
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estimated as 0.41− 7.8× 10−15 × 2π f2 W−1km−1, which is determined by the center wavelength of the sensing
FBG.

Fig. 1. Experimental setup for dynamic sensing.

The remote dynamic sensing is achieved based on a backward-pumped RFL [5], as shown in Fig. 1(a). In this
case, the sensing FBG participates in the formation of the RFL, so the disturbance of FBG has a great impact
on the RFL output, that is to say, the backward-pumped RFL is more sensitice to the FBG dynamic distrubance
compared with forward-pumped [6] or pulse modulated [7] case.

When strain is applied on the FBG, the Raman gain will change according to the center wavelength of the FBG,
which will further cause RFL output fluctuations. In order to obtain a linear response to the FBG disturbance, the
linear interval of the Raman gain spectrum is selected. Applied 10 kHz sinusoidal disturbance with amplitude of
12.5µε on FBG, the output power of RFL will fluctuate with corresponding frequency in Fig. 1(b). The simulation
results show that the proposed scheme can realize the mapping of frequency domain information to the time
domain, which is beneficial to the fast FBG demodulation.

3. Experimental demonstration

Fig. 2. (a) The output RFL spectrum at the WDM 1550 nm port. (b) The demodulated 10 kHz
disturbance. (c) The amplitude of RFL fluctuation v.s. the amplitude of the strain applied to the
FBG. (d) The short-time Fourier transform (STFT) result of the RFL output after applied linear
chirp signal on FBG.
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The experimental setup based on the above principle is consistent with the simulation, as shown in Fig. 1(a).
Here, the FBG is tightly wrapped around the piezoelectric ceramic transducer (PZT) used to apply dynamic dis-
turbance. The center wavelength of the FBG is focused on the 1550 nm at the rising edge of the Raman gain
spectrum (Fig. 2(a)). When the center wavelength of FBG shift with the frequency of 10 kHz and amplitude of
0.02 nm (240 V peak-to-peak voltage on PZT), the output power at the WDM 1550 port presents corresponding
fluctuations(Fig. 2(b)), and there is no frequency multiplier signal indicating that the system has a good linearity.
In addition, we change the voltage on PZT from 120 V to 240 V. The relationship between the amplitude of strain
and the amplitude of RFL fluctuation is illustrated in Fig. 2(c), showing the R-square close to ∼ 0.988. Figure 2(d)
illustrates the demodulated result of a linear chirped strain signal from 500 Hz to 10 kHz, showing a high sensing
bandwidth of our proposed sensing scheme.

4. Conclusion

A high-bandwidth dynamic sensing scheme based on long-distance backward-pumped random fiber laser is
achieved by mapping the frequency domain information to the time domain. The simulation based on a time-
dependent power-balance model and the corresponding experiments verify the feasibility of the proposed scheme,
showing high bandwidth and good linearity to disturbances. This work paves the way for ultra-fast and ultra-long-
distance interrogation for optical fiber sensors.
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