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Abstract: In this paper, we present a new scheme to generate ultrawide tunable random fiber lasers
(RFLs) covering the S-, C- and L-band by combining the broadband Raman gain in tellurite fibers
and the active gain in erbium-doped fibers. A numerical simulation based on the power-balance
model is conducted to verify the feasibility of the ultrawide tunable random fiber lasing generation.
Pumped by a 1450 nm laser, the tunable random Raman fiber laser in the ranges of 1480-1560 nm
and 1590-1640 nm can only be realized with a tellurite fiber. To further fill in the emission gap in
the range of 1560-1590 nm, the erbium-doped fiber is incorporated in the cavity, which can provide
efficient erbium-doped gain in the C- and L-band. By combining a 100 m long tellurite fiber and an
8 m long erbium-doped fiber, an ultrawide tunable RFL based on hybrid erbium—Raman gain can
be realized with a wavelength tuning range (1480 nm-1640 nm) covering the S-, C- and L-band at
3.5 W pump power. Such a widely tunable RFL is of great importance in applications such as optical
communication, sensing and imaging.
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1. Introduction

Wavelength-tunable fiber lasers operating in the communication band have been
widely used in optical fiber communication, optical device testing and optical sensor
systems over the past few decades [1-3]. The common way to achieve wavelength-tunable
lasing is by incorporating a filter inside the laser cavity and utilizing rare-earth-doped
fibers, such as erbium-doped fibers (EDFs), Thulium-doped fibers and Holmium-doped
fibers. Tunable fiber lasers based on erbium-doped fiber have concentrated lots of attention
extensive development thanks to their low threshold and high optical signal-to-noise
ratio [4]. However, they can only generate emissions at a specific wavelength range located
in the gain spectra of rare-earth-doped fibers. Another way to generate wavelength-agile
tunable fiber lasers is by adopting nonlinear effects such as stimulated Raman scattering
(SRS) as the gain mechanism. The Raman fiber laser successfully avoids the disadvantages
mentioned above by being available at arbitrary wavelengths across the transparency
window of the fiber and having high power and a simpler cavity configuration [5,6].
However, conventional Raman fiber lasers use pairs of gratings to provide feedback, which
set a limitation of wavelength tunability. Random fiber lasers (RFLs) with a tunable
wavelength emission do not depend on the cavity or the wavelength-selective devices and
are therefore more suitable for the broadband lasing emission.

Since the random fiber laser, which is based on random Rayleigh scattering along
single-mode fibers (SMFs), was proposed and demonstrated for the first time, it has gar-
nered lots of attention and undergone tremendous development in recent years [7]. This
novel kind of fiber laser has favorable stability and directionality, making it a promising
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light source for optical communication, imaging sensing, nonlinear frequency conversion
and high-output power applications [8-14].

Since the RFL utilizes distributed Rayleigh backward scattering as feedback, this
unique cavity provides a new platform for wavelength-tunable fiber lasers with sim-
ple cavity configurations. The wavelength-tunable Raman RFL with a tuning range of
1535-1570 nm was first realized by incorporating tunable filters inside the cavity [15],
which can achieve excellent power uniformity across the tuning range. Rare-earth-doped
RFLs with tunable spectra have also been reported in erbium-doped RFLs [16,17] and
ytterbium-doped RFLs [18,19] with low thresholds. The hybrid gain is further used to
extend the wavelength tunability performance of RFLs. By adopting the hybrid Er-Raman
gain, 1525-1603 nm random lasing can be realized with a forward pump structure [20-22].
Another way to generate widely tunable RFLs is through the combination of tunable pump
lasers and cascaded Raman lasing [23-27]. In addition, nearly octave wavelength-tunable
RFLs covering a 1-1.9 pm region have been realized by pump wavelength tuning and
cascaded Raman shifting, whereas the S-, C- and L-band lasing requires a sixth- to eighth-
order cascaded Raman process which requires a high threshold and for which it is difficult
to control the lasing bandwidth due to the use of a broadband reflector [23-29]. On the
other hand, the glass hosts (tellurite and bismuth oxide-based glasses) with high refractive
indexes have been considered for expanding the gain bandwidth and the tunable range of
fiber lasers. Among these, the tellurite fiber (TF), with remarkable properties, including a
strong Raman gain coefficient, large Raman shift and broadband Raman gain spectrum, has
been proven to realize ultrawide Raman amplification [30] and an ultrawide wavelength
tuning range of the Raman laser [31]. Although a 160 nm wide flat gain was demonstrated
in a tellurite-based fiber Raman amplifier [30], the researchers used multiple wavelength
pump sources (1410, 1420, 1430 and 1460 nm pumps). Here, we try to explore the possibility
of realizing ultrawide flat lasing generation with only one wavelength pump by introduc-
ing a hybrid erbium—Raman gain. Besides, high power output in the mid-infrared region
and multi-wavelength generation based on tellurite fibers have also been reported [32-34].
Moreover, broadband erbium-doped tellurite fiber amplifiers in the 1.5 um region have
proven successful [35,36]. However, for the above-mentioned works based on the tellurite
fiber, the tuning range was less than 100 nm with milliwatt-level output power, which
requires improvement. We increase the tuning range in this paper while simultaneously
enhancing the output power.

In this work, an ultrawide tunable RFL is proposed and theoretically investigated
for the first time, based on the combination of broadband Raman gain in TFs and active
gain in EDFs. A numerical simulation based on the power-balance model is conducted to
verify the feasibility of the ultrawide tunable random fiber lasing generation. When the
pump wavelength is fixed at 1450 nm, a tunable random Raman fiber lasing covering the
ranges of 1480-1560 nm and 1590-1640 nm can only be realized with a tellurite fiber. To
further fill in the emission gap in the range of 1560-1590 nm, the EDF is incorporated in the
cavity, which can provide efficient erbium-doped gain in the C- and L-bands. Eventually,
we elaborately analyze the optimized pump power of 3.5 W, EDF length of 8 m and TF
length of 100 m, at an ultrawide tuning range from 1470 to 1640 nm, which covers the S-, C-
and L-bands with optimized flatness random lasing which can be realized based on hybrid
erbium—Raman gain. To the best of our knowledge, this is the widest tuning range ever
reported for first-order random Raman fiber lasers.

2. Principle and the Numerical Modeling

The proposed scheme of the tunable RFL is shown in Figure 1a. The 1450 nm pump
source is injected into the laser cavity through a wavelength-division multiplexer (WDM;
pass port: 1450 nm, reflection port: 1480-1650 nm). The combination of an 8 m long EDF
(EDFC-980-HP, Nufern, East Granby, CT, USA) and a 100 m long tellurite fiber (TF) is used
as the gain medium. The EDF can provide erbium-doped gain pumped by a 1450 nm
laser and the TF can provide broadband Raman gain. Besides, the random Rayleigh
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backscattering inside the TF can provide random distributed feedback. In order to realize
wavelength tunability, the reflection port of the WDM is connected to a 1:1 coupler-based
fiber loop mirror that incorporates a tunable filter to provide the wavelength-selectable
point feedback. The output port of TF is cleaved to minimize the backward reflection.
With the help of hybrid erbium-Raman gain, the wavelength-selectable point feedback and
the random Rayleigh distributed feedback, random fiber lasing can be generated in the
half-open cavity and the wavelength can be tuned by tuning the central wavelength of the
tunable filter.
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Figure 1. (a) Proposed scheme of the tunable RFL. WDM, wavelength-division multiplexer; EDF, erbium-
doped fiber; TF, tellurite fiber; (b) Raman gain coefficients of the tellurite fiber used in the simulation;
(c) Rayleigh scattering coefficient and transmission loss of the tellurite fiber used in the simulation.

The Raman gain coefficient of the tellurite fiber used in the simulation is shown in
Figure 1b [31]. A peak value for the Raman gain coefficients of 55 W~! km~! is obtained
for this tellurite fiber, while the corresponding Raman shift is around 22.3 THz. The first-
order Stokes is estimated to be 1625 nm with a Raman shift of ~175 nm when the pump
wavelength is 1450 nm and the Raman gain profile of the TF is relatively broad, which
shows its potential for constructing a widely tunable Raman RFL covering the S-, C- and
L-bands. Figure 1c presents the Rayleigh scattering coefficient and transmission loss of the
tellurite fiber used in the simulation from 1460 nm to 1640 nm, which are referred to in
Refs. [31,37]. It is worth mentioning that the transmission loss of tellurite fiber used in this
paper, which is produced only by the Toyota Technological Institute in the Yasutake Ohishi
group (20 dB/km), is significantly lower than most experimental and commercial tellurite
fibers (at levels > 300 dB/km).

We established the power-balance model by considering both the Raman gain in
the TF and the erbium-doped gain in the EDF, respectively. The main factors considered
in the section TF are fiber transmission loss, Rayleigh backscattering and Raman gain.
To theoretically analyze and optimize the performance of the RFL, the power evolution
of the pump and the first Stokes in forward propagation in the TF can be calculated by
Equations (1)—(3) below.

D(Pf + Py + ) PE )
=1 Oy
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In this model, the superscripts ‘+” and ‘—" denote the transmission direction of for-
ward and backward propagation of pump and Stokes waves, respectively. Subscript ‘k’
represents the light waves with the k-th calculated wavelength. ay, v, & and g represent
the attenuation coefficient, frequency, Rayleigh scattering coefficient and Raman gain coeffi-
cient of the corresponding wavelength, respectively. I’y is the population of phonon which
corresponds to the spontaneous Raman scattering. Avy, is the lasing bandwidth. T stands
for the absolute temperature of 298 K, kg is Boltzmann's constant and & is Plank’s constant.
Equation (3) shows the Rayleigh backscattering coefficient, ¢, as a function of the refractive
indices, n and n;, with a refractive index difference, An, of 2.2% and a scattering loss, «s,
which is approximately 20-40% of the total loss [30,31,37].

In this section of the EDF, Rayleigh backscattering could be neglected due to the short
length of the EDFE. We calculate the power evolution through the Giles model [20].

dp* 7 7
Tk = +(af + 8}) =P +2g1 2 hopAvy, F (a + L) PE (4)
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'y and g represent the absorption coefficient and gain coefficient provided by Nufern
(EDFC-980-HP). 71, denotes the erbium ion population of the upper energy level and 7;
denotes the total erbium ion population of the ground state and the upper energy levels. vy
and Avy, denote the light frequency and the noise bandwidth separately. /i (=0.01 dB/m) is
the background loss and { (=3.87 x 10'> m~! s71) is the saturation parameter.

To solve this model, the following boundary conditions, in which L is the total length
of two fibers and R is the reflectivity at the filter end, should be satisfied.

P(L)=0
R-P; (0) = P{(0) (6)
Py (0) =Py

The parameters used for representing the output power as a function of pump power
of TF are summarized in Table 1 [31,37].

Table 1. Fiber parameters in the numerical simulation.

Wavelength (nm) e (m™1) g W-1km™1) « (dB/km)
1480 1.67 x 1075 26 21.6
1550 1.38 x 1073 36.4 20
1580 1.28 x 1075 17.8 19.9
1640 1.10 x 10~3 32.6 22.1
3. Results

In the simulation, the reflectivity of the coupler-based fiber loop mirror and the
parasitic reflection are set to 0.95 and 0.00001, respectively. As for the spectrum, the
wavelength interval for calculating interpolation is 1 nm. To show the advantage of
the combination of TFs and EDFs for broader wavelength tuning range, we numerically
calculate the lasing wavelength tuning spectra with and without EDFs.
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First, we calculate the situation of tunable RFLs with TFs only. Figure 2a shows the
output power of different wavelengths as a function of pump power when the TF length is
set to 100 m. The thresholds of 1480 nm, 1550 nm and 1640 nm are approximately 2.2 W,
1.6 W and 1.8 W, respectively. When the threshold is exceeded, the output power increases
rapidly with the increase in pump power. The output power can reach 2.01 W, 2.03 W
and 1.88 W of 1480 nm, 1550 nm and 1640 nm random lasing at 3.5 W of pump power.
However, the 1580 nm Stokes component has not been stimulated due to the relatively low
corresponding Raman gain coefficient pumped by 1450 nm. Figure 2b shows the effect
of TF length. The laser threshold is higher when the length of the TF is relatively short
because Rayleigh scattering needs to be accumulated over a long fiber. The fact that the
shorter fiber length contributes to higher output power should be explained by the lower
propagation loss. Therefore, the output powers of the 100 m TF and the 150 m TF are 2.01 W
and 1.49 W, respectively, when the pump power is 3.5 W. The wavelength-tunable spectra
are shown in Figure 2c with 3.5 W of pump power and a 100 m TF. The lasing in the range
of 1560-1590 nm cannot be stimulated due to the low Raman gain coefficients in this range.
Nevertheless, the tunable RFL with a flat amplitude can be realized in the 1480-1560 nm
and 1590-1640 nm ranges, which verifies the significant advantages in tunability by using
a TF as the Raman fiber. The output powers as a function of lasing wavelengths at different
pump powers, when the TF length is fixed as 100 m, are shown in Figure 2d. When the
wavelength tuning range becomes broader with an increase in pump power and at 3.5 W
of pump power, the wide tuning range with excellent power flatness can be achieved. It
should also be noted that second-order Raman lasing is not considered in this work due to
the high threshold of >4 W.

To fill in the emission gap in the range of 1560-1590 nm, the EDF is incorporated in
the cavity, which can provide efficient erbium-doped gain in the 1560-1590 nm range, then
the random lasing can be generated based on the hybrid erbium—Raman gain pumped by
1450 nm. Figure 3 shows the RFL performances with the combination of an 8 m EDF and
a 100 m TF. The lasing emission spectra are shown in Figure 3a at 3.5 W of pump power.
A continuous tuning range of 160 nm from 1480 nm to 1640 nm is realized by using this
laser cavity structure, which covers the S-, C- and L-bands. Figure 3b shows the output
power at different wavelengths as a function of pump power. Among them, the 1580 nm
random lasing, which has not been stimulated with the TF alone, is also stimulated by the
combination of EDFs and TFs with a lower threshold of about 1.6 W. Moreover, the power
of 1550 nm random lasing increases rapidly with about only a 100 mW threshold which
is because strong erbium-doped gain can significantly reduce the lasing threshold. With
3.5 W of pump power, the output powers of 1480 nm, 1550 nm, 1580 nm and 1640 nm are
1.97 W, 1.95W, 1.83 W and 1.84 W, respectively. Since hybrid gain of EDFs and TFs provides
a lower threshold, the 1480 nm lasing can be stimulated more effectively than the TF-only
configuration with the same pump power. In addition, a lower loss of TFs at 1480 nm can
also contribute to the higher output power of 1480 nm than the other three wavelengths,
which also contributes to the higher efficiency of 1480 nm lasing beyond the threshold
shown in Figure 2a. Figure 3c shows output powers of the tunable wavelength RFL at
different pump powers. At a relatively low pump power, the output power of 1580 nm
lasing is lower; however, the uniformity of power distribution gradually improves with the
increase in pump power and excellent power uniformity in the range of 1480-1640 nm can
be realized at a pump power of 3.5 W.
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Figure 2. Output power as a function of pump power (a) for the lasing wavelengths of 1480 nm,
1550 nm, 1580 nm and 1640 nm and (b) for the TFs of length 100 m and 150 m. (c) Tunable lasing
spectra when the pump power is fixed at 3.5 W. (d) Output powers as a function of lasing wavelength
at pump powers of 2.0 W, 2.5 W, 3.0 W and 3.5 W.

Finally, we compare the effects of different lengths of EDFs. As shown in Figure 4a,
when the EDF length is only 4 m, there is still an emission gap near 1580 nm due to
the insufficient erbium-dope gain. However, when the length of the EDF is beyond 8 m,
continuous tunable lasing from 1480 to 1640 nm can be achieved with good uniformity.
Figure 4b shows the variation in the 1580 nm output power with the increase in pump power
with different EDF lengths in detail. For the lengths of 8 m and 12 m, the thresholds are
1.51 W and 0.31 W, respectively, and the output powers are 1.88 W and 1.93 W, respectively,
at 3.5 W of pump power. Since the output power performance is nearly unchanged with
the increase in EDFs for the wavelengths that are located outside the erbium-doped gain
regime (such as 1480 nm and 1640 nm), by considering pump power at 3.5 W, the output
power flatness of the 8 m EDF is similar to that of the 12 m EDEF, so we choose the length of
EDF as 8 m in the simulation for Figure 3.
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4. Discussion

Considering that the loss of commercial TF in most experiments is approximately
300 dB/km, we also performed a comparative calculation. The scattering loss is about 30%
of the total loss and the backward Rayleigh scattering coefficients were calculated using
Equation (3) [37]. With the much higher loss, to realize the random lasing, the length of
the TF should be decreased with the need for much higher pump power. Figure 5a shows
the output powers of different wavelengths as a function of the pump powers when the
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TF length is set to 20 m. Similar to Figure 2a, the 1580 nm Stokes component has not been
stimulated due to the low Raman gain coefficient. The thresholds of 1480 nm, 1550 nm and
1640 nm are about 16.2 W, 12 W and 13.7 W, respectively. The output powers increased
rapidly with the pump power and reached 4.5 W, 5.1 W and 4.6 W of 1480 nm, 1550 nm
and 1640 nm, respectively, at 22 W pump power. The effect of different lengths of the TFs is
shown in Figure 5b. Similar to Figure 2b, by using a longer TF length of 30 m, although the
threshold value of 12 W can be achieved, the efficiency is also much lower. On the other
hand, the output power was only 3.5 W because the threshold was too high (20 W) with a
10 m long TF. The wavelength-tunable spectra are shown in Figure 5c with a 22 W pump
power and a 20 m long TF. The lasing range of 1560-1590 nm cannot be stimulated due to
the low Raman gain coefficient. Figure 5d shows the output power distribution of different
wavelengths at pump powers of 16 W, 18 W, 20 W and 22 W. The widest tuning ranges of
1480-1560 nm and 1590-1640 nm were achieved at 22 W pump power.
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Figure 5. Output power as a function of pump power (a) for the lasing wavelengths of 1480 nm,
1550 nm, 1580 nm and 1640 nm and (b) for the TFs with lengths 10 m, 20 m and 30 m. (c) Tunable
lasing spectra when the pump power is fixed at 22 W. (d) Output powers as a function of lasing
wavelength at pump powers of 16 W, 18 W, 20 W and 22 W.

We also performed a new simulation with the combination of a 20 m long TF (300 dB/km)
and an 8 m long EDF. Figure 6 shows the tunable spectra at a 22 W pump power. A tuning
range of 160 nm from 1480 to 1640 nm with excellent uniformity was also achieved by the
combination of EDFs and TFs, which covers the S-, C- and L-bands. It should be noted
that the high-power 1450 nm pump laser with more than 20 W output power is feasible,
including the cascaded Raman fiber laser reported in [23].
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5. Conclusions

In this paper, we have demonstrated a new scheme to generate an ultrawide tun-
able random fiber laser by a combination of tellurite fibers and erbium-doped fibers. A
numerical simulation based on the power-balance model was conducted to verify the
feasibility of the ultrawide tunable random fiber lasing generation. Tunable lasing covering
1480-1560 nm and 1590-1640 nm could only be achieved by tellurite fibers with a 1450 nm
pump. To further extend the tuning range, the erbium-doped fiber was incorporated in
the cavity, which provided efficient erbium-doped gain in the C- and L-band. Eventually,
by combining Raman gain in the 100 m long tellurite fiber and erbium-doped gain in the
8 m long erbium-doped fiber, an ultrawide random fiber laser with a continuous tuning
range (1480-1640 nm) covering the S-, C- and L-bands could be realized at 3.5 W pump
power, which could provide an effective method for optimizing a widely tunable RFL in
technologies like optical communication, device testing and sensor systems.
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