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ABSTRACT

A multi-wavelength switchable random fibre laser based on a double Sagnac-loop filter is proposed.
The threshold of laser is 27 mW and the slope efficiency of the total power output to pump power is
about 0.04%. In the experiment, stable and switchable laser outputs of single-, dual-, tri- and quad-
wavelength channels are obtained by adjusting the polarization controller at room temperature.
The wavelength positions are tuneable within the range of 1556-1564 nm and intervals are switch-
able between 2.5, 5 and 7.5 nm. Under 300 mW pump power, average power intensity of —24dBm is
achieved. Furthermore, the output of fibre laser is relatively stable with less than 0.2 nm wavelength
drift and less than 1.5 dBm power fluctuation within one hour. The proposed random fibre laser has
promising application prospects for distributed sensing systems and biomedical imaging.

Introduction

In recent years, a new type of random fibre laser that has
no need for a conventional fibre laser has attracted wide
attention. It uses the inherent or artificial random scat-
tering medium in the fibre as the feedback mechanism of
laser formation without the need for a well-defined res-
onant cavity, making the design of the fibre laser more
approachable. Since the concept of the distributed feed-
back random fibre laser was proposed in 2010 [1], ran-
dom fibre lasers (RFLs) have made great progress and
achieved a series of research results, impacting numerous
research fields including optical fibre communication,
sensing and imaging [1-3].

Switchable multi-wavelength fibre lasers have attracted
attention due to potential applications in dense wave-
length division multiplexing (DWDM) optical commu-
nication systems [4], fibre sensing [5], microwave signal
generation [6], spectroscopy [7], and so on. A typical
approach is to use a comb filter to produce a multi-
wavelength output, such as tilted fibre grating (TFG)
[8], fibre-Bragg-grating (FBG) [9], Sagnac-loop [10],
Mach-Zehnder interferometer (MZI) [11], mode inter-
ference [12] and Lyot filters[13].

Inspired by conventional multi-wavelength fibre lasers,
multi-wavelength random fibre lasers (MWRFL) based
on comb filters are proposed. Some researchers have used
fibre grating arrays [14,15], all-fibre Lyot filters [16,17],
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and Sagnac-loop filters [18-21] and MZI [22,23] to pro-
duce stable multi-wavelength random fibre lasers. In
2005, S. Sugavanam [17] realized a random distributed
feedback multi-wavelength fibre laser by using an all-
fibre Lyot filter. The number of lines generated can be
as high as 50, but the wavelength interval cannot be
changed. In 2019, T. Feng [15] demonstrated exper-
imentally six-wavelength channels random fibre laser
using a 2 km-long single-mode fibre together with six-
superimposed fibre-Bragg-gratings. However, the num-
ber of wavelengths and intervals cannot be changed.
In 2020 and 2021, J. W. Liu realized multi-wavelength
switchable random fibre lasers based on RDFB using a
two-stage Sagnac-loop mirror [21], dual-pass MZI [22]
and compound filter (a dual-pass MZI and a Sagnac-
loop) [23], respectively. Similarly, the wavelength interval
of these MWREFL outputs is constant.

In this paper, a multi-wavelength switchable Erbium-
doped random fibre laser is proposed and verified by
experiment. The threshold of the laser is 27 mW. Sta-
ble and switchable laser output of single-, dual-, tri- and
quad-wavelength channels can be obtained by adjust-
ing the PCs of the double Sagnac-loop filter (DSLF).
The wavelength position is tuneable, and the wavelength
interval can be adjusted between 2.5, 5 and 7.5 nm. Using
300 mW, the average power intensity is about —24 dBm.
Furthermore, the wavelength drift within one hour is less
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than 0.2 nm, and the power fluctuation is less than 1.5
dBm. Compared to existing fibre lasers, the DSLF has
the advantages of simple fabrication, low laser threshold
value and stability.

Experimental setup and principles

The experimental setup is shown in Figure 1. A 980 nm
pump source (VLSS-980-B) with a 350 mW maximum
power output is used to pump the EDF through a
980/1550 nm wavelength division multiplexer (WDM).
The gain medium is a 10m-long EDF (EDFC-980-
HP, Nufern), whose core and cladding diameter is 6
and 125 pm, respectively. The other end of the EDF
was connected to a DSLE, which is a tuneable multi-
wavelength filter. The filter consisted of three 3 dB cou-
plers, OC1, OC2 and OC3, two polarization-maintaining
fibres (PMF) with different lengths, PMF1 and PMF2,
and two polarization controllers, PC1 and PC2. The
DSLF is also used as a mirror to form a half-open cav-
ity structure. The 1550 nm port of the WDM is con-
nected to the 25 km-long SMF (SMF-28) which provides
RDEFB through back Rayleigh scattering (RS). An isola-
tor (ISO) prevents Fresnel reflection and ensuring that
the feedback is all caused by the RS. The obtained spec-
tra are collected by the optical spectrum analyser (OSA,
YOKOGAWA-70D) with a resolution of 0.02nm. An
optical power meter (PMSII-A) is connected to the end of
SMF to measure the total power output of the MWRFL.
All experiments in this work are carried out at room
temperature (25°C).

The schematic diagram of the proposed DSLF is
shown in Figure 2. As designed, when the incident light
enters the 3dB coupler OCI from port 1, it is divided
into two beams, where one travels clockwise (forward)
through port 3, and the other beam travels counter-
clockwise (reverse) through port 4, and then return to
the coupler coherent output through two PCs and PMFs,
respectively. The light fields of ports 1, 2, 3 and 4 are
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Figure 2. Schematic diagram of DSLF filter.

assigned as Ej.E,, E3 and Ey, respectively. E3 and E4 are
divided into two equal beams (Es and Eg, E; and Eg)
by the 3 dB couplers OC2 and OC3, respectively. After
a circle of light transmission in a DSLE, the transmittance
calculated as [10]:

1
T = Z(l + cos 0 cos b, sin(gy — ¢1)

—sin 922 €OoS @ sin @y + sin 912 Cos @1 sin @)

where 6; and 6, are the polarization angles of the light
passing PC1 and PC2, respectively. ¢ = w AnL/A is the
phase difference caused by polarization mode disper-
sion when the light travels on the fast and slow axes. L
is the length of PMF and An is the effective refractive
index difference between the fast and slow axes. A is the
wavelength of light.

In this experiment, the lengths of PMF1 and PMF2 are
0.5m and 2 m, respectively. When 6, = n/3, 6; = 7/6
and 0; = 0, 0 = 7/4, the simulated transmission spec-
tra are shown in Figure 3(a-d) depicts two typical modes
of all output comb transmission spectra of a DSLF at dif-
ferent PC angles. From Figure 3, the filter can realize
wavelength switching, and the wavelength interval is an
integral multiple of 2.5 nm.
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Figure 1. Experimental setup diagram of a multi-wavelength switchable random fibre laser.
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Figure 3. Transmission spectra of the DSLF filter. (a) Simulated transmission spectra of 91 = /3,67 = 7 /6. (b) Simulated transmission
spectra of 01 = 0,07 = 7 /4. (c) and (d) are the measured transmission spectra.

Experimental results and analysis

When the pump power is slightly above the thresh-
old value of 27 mW, in Figure 4(a), the laser output is
obtained. Figure 4(b-f) show the laser spectra measured
under the pump power of 50, 160, 220, 250 and 300 mW,
respectively. When the pump power is 50 mW, only one
laser channel appeared. As the pump power increases, the
number of channels increases from 1 to 4. It can be seen
that the linewidths of each laser channel become wider
with the increasing pump power. When the pump power
reaches 300 mW, the average linewidth of the laser chan-
nel is about 0.3 nm and the average power intensity of the
laser channel is ~—25 dBm. Therefore, it can be pre-
dicted that more laser channels will be generated as the
pump power continues to increase.

In addition, we can see from the illustration of Figure 4
that each channel contains several relatively distinct

emission lines or spikes which are separated by an inte-
gral multiple of 0.08 nm and are unstable with time as
determined by further detailed measurement. Based on
References [18,21,24], we speculate that these emission
lines are Stokes lines generated by stimulated Brillouin
spectroscopy (SBS) in the SME. These Stokes lines are
amplified twice by the EDF through the reflection of the
DSLF and then fed into the SMF again. In the SME, they
resonated in the laser cavity by the RDFB of RS. With the
increase of pump power, the power of low-order Stokes
exceeds the threshold, resulting in high-order SBS lines,
so each laser channel has more emission lines. The inten-
sity of random emission lines also increases with the
increasing pump power. Therefore, the multi-order SBS
emission lines make the random lasing channel wider
and stronger. The unstable laser emission (as a common
feature of this class of lasers) is mainly caused by the
RDFB in the SMF through RS. And each laser channel
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Figure 4. Laser spectra with a pump power of 27, 50, 160, 220, 250 and 300 mW, respectively. The illustrations are amplifying single

channel spectra.

has inconspicuous noise. A section of passive erbium-
doped fibre or erbium-ytterbium co-doped fibre can be
inserted into the cavity to suppress the mode competition
in the cavity to eliminate the noise [25]. Passively doped
fibre can also be added to the output port to reduce the
linewidth, and then reduce the noise.

Under the pump power of 300 mW, a stable single
channel laser appears by adjusting the two PCs, with
the central wavelengths of 1556.3, 1558.8, 15612.3 and
1563.8 nm, respectively, as shown in Figure 5. The power
intensity of the laser channel is ~ —21 dBm, and the nar-
rowest linewidth and the widest linewidth are about 0.3
and 0.7 nm, respectively.

Stable dual-wavelength channel lasing is also observed
in our work. Wavelength interval tuning can be achieved
by carefully adjusting the PCs, as shown in Figure 6. The
wavelength interval is the largest at 7.5 nm, Figure 6(h).
In addition, we measured the wavelength interval at
2.5nm (Figure 6(a, ¢, e, g)) and 5nm (Figure 6(b, d,
£)). In the whole process of adjusting PCs, the wave-
length positions are tuning from Figure 6. The intensity
of the dual-wavelength channel is ~ —22 dBm, and the
power difference between the two wavelengths is less than
1 dBm. In addition, the linewidth of a single channel
almost does not change during the tuning process, which
is approximately 0.7 nm.



-20 T T

T
A:1556.3nm, 1558.8nm
1561.3nm, 1563.8nm

230 - 4
40 - =

50 -

Power (dBm)

1550 1555 1560

Wavelength (nm)

1565 1570

Figure 5. Single-wavelength channel laser output spectra.

During the experiment, the laser output of the tri-
wavelength channel is also observed. Tri-wavelength
and wavelength interval tuning is achieved by slowly
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adjusting the PCs, as shown in Figure 7. And the
wavelength intervals are 2.5 and 5nm. The intensity of
the three wavelength channels is ~ —23 dBm, and the
intensity difference of the wavelength channel is less
than 3 dBm. In addition, the linewidth of each chan-
nel is almost unchanged in the tuning process, which
is about 0.5 nm, slightly narrower than that of the dual-
wavelength channel. This is because the tri-channel out-
put has slightly fewer Stokes lines in each channel than
the dual-channel output.

In addition, when the PC is tuned to a certain angle,
a stable quad-wavelength channel laser output occurred.
As shown in Figure 8, and the wavelength interval is
2.5nm with a linewidth of ~ 0.3 nm and average power
intensity of ~ —25dBm.

To test the stability of the laser output of the quad-
wavelength channel, the angle and pump power of the
PCs are kept unchanged in the experiment. Figure 9(a)
shows the spectra output from scanning every 10 min
for an hour. During the experiment, under the 300 mW
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Figure 6. Dual-wavelength channel lasing spectra.
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pump power, there are four laser channels in the wave-
length range of 1556.1-1564.0 nm, and all of the output
spectra show constant quad-wavelength channel las-
ing with the power output of each channel maintain
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at ~ —25 dBm. Figure 9(b) shows each wavelength
shift (black line) and power fluctuation (red line) of
the quad-wavelength channel laser output. The measure-
ment results show that the single central wavelength drift
of the quad-wavelength channel laser output within 1 h is
less than 0.2 nm and the power fluctuation is less than 1.5
dBm. In addition, we can find that the power of the chan-
nel varies greatly on both sides, which may be caused by
the mode competition derived from randomly cascaded
SBS, distributed RS, and pump EDE. The gain of EDF has
apeak at 1560 nm at the pump of 300 mW, so the channel
power in the middle is higher than that on the two sides
and the multi-order SBS emission lines are more stable,
so the power is more stable. Therefore, we conclude that
the output of the quad-wavelength channel is relatively
stable.

For the laser output, we investigate the relationship
between the total power output and the pump power.
The measurement result is shown in Figure 10, and the
threshold for RFL was 27 mW. When the pump power
exceeds the laser threshold, the power output begins to
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Figure 9. Stability of laser output in the quad-wavelength channel. (a) Repeatedly scans of the output spectra of the four-wavelength
channels every 10 min. (b) Outputs the central wavelength (black) and power (red) of each of the four channels every 10 min.

increase linearly, and the fitting slope efficiency is about
0.04%. In addition, the efficiency of the laser can be
improved by reducing the total loss of the experimental
setup and the length of the SME.

Conclusion

In conclusion, we have experimentally demonstrated
a multi-wavelength switchable erbium-doped random

fibre laser with a DSLF comb filter. The threshold of
RFL is 27mW, and the slope efficiency of the total
power output to pump power was about 0.04%. When
the pump power is 300 mW, single-, dual-, tri- and
quad-wavelength tuneable laser outputs are achieved by
adjusting the two PCs, and the wavelength interval is
tuneable between 2.5, 5 and 7.5 nm. With time, the multi-
channel random laser output remained relatively stable.
The switchable multi-wavelength random fibre laser has
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the advantages of a low laser threshold and stable output.
And it has potential applications in fields using multi-
wavelength lasers, sensing, communication and imaging.
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