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We demonstrate multiwavelength Brillouin fiber lasers (MWBFLs) with double-frequency spacing based on a small-
core fiber (SCF) and a standard single-mode fiber (SMF), which have core diameters of 5 and 8.8 pum, respectively. Exper-
imental results show that the SCF-based MWBFL exhibits a higher laser output power and a lower pump threshold. The
output powers of the SCF-based MWBFL are >1.4 times those of the SMF-based MWBFL. Moreover, the threshold power
required to generate each channel of the SCF-based MWBFL is 59% that of the SMF-based MWBFL. When the same
pump power of 180 mW is injected, the number of laser channels generated for the SCF-based MWBFL is 13, which is
twice that generated for the SMF-based MWBFL. In addition, the SCF-based MWBFL exhibits good wavelength tunability

from 1535 to 1565 nm and temporal stability over an hour.

Keywords: nonlinear optics, fiber laser, small-core fiber, stimulated Brillouin scattering

PACS: 42.55.Wd, 42.81.—1, 42.65.ES, 42.81.Cn

1. Introduction

Stimulated Brillouin scattering (SBS) in optical fibers has
been widely investigated over the past few decades. This phe-
nomenon arises from the interaction of light and the acous-
tic modes of nonlinear media.l'l When the injected pump
power exceeds a certain value, the backward scattered Stokes
wave is generated downshifted from the pump in terms of
frequency. The frequency difference between the pump and
Stokes light is numerically equal to the value of the acous-
tic wave frequency.l’’ The SBS effect can be easily gen-
erated in silica fibers because of the low threshold, which
causes most of the input signal power to be transferred to
the backward Stokes, resulting in the unnecessary loss of in-
cident light energy and the reduction in the optical signal-
to-noise ratio (OSNR).3! Therefore, numerous efforts have
been made to suppress this adverse effect.[*%! However, the
SBS in optical fibers has been utilized advantageously in di-
verse applications, such as Brillouin amplification,!”# mi-
crowave signal generation,”) multiwavelength Brillouin fiber
lasers (MWBFLs),!'%!!l and distributed strain/temperature
sensing.!'’l Among these applications, MWBFLs have been
of great interest for utilization in dense wavelength division
multiplexing communication systems because of their narrow
linewidth, "3 wide tunable range,!'*! and stable operation at

room temperature. !>

DOI: 10.1088/1674-1056/abft47

For silica-based fibers at 1550 nm, the frequency down-
shift of the Stokes light from the pump light is approximately
10 GHz or 0.08 nm. Such a fixed and narrow frequency spac-
ing complicates demultiplexing and limits the practicability of
MWBFLs. Therefore, various methods have been proposed to
realize MWBFLs with double wavelength spacing. Shee et al.
realized a multiwavelength Brillouin erbium fiber laser with
double-frequency spacing by circulating odd-order Stokes sig-
nals in a 6.7 km-long standard single-mode fiber (SMF) using

(161 Tang er al. utilized the four-wave

a four-port circulator.
mixing of Stokes lights to generate high odd-order Stokes
lights in a 2.5-km SMF and then accomplished the output with
double frequency spacing.!!'”! Qian et al. proposed a novel
tunable MWBFL with switchable frequency spacing by ex-
ploiting Brillouin gain and absorption in two SMFs of differ-

181 MWBFLs with double-frequency spacing have

ent lengths.
achieved a high OSNR, wide tunability, and multiple channels
in SMFs. Meanwhile, as we have previously reported, small-
core fibers (SCFs) exhibit a lower threshold power because
of their smaller effective mode field area (Ac¢) and slightly
larger Brillouin gain coefficients than SMFs.!'°! Therefore, a
MWBFL with a low threshold and high output power can be
achieved using an SCF as the Brillouin gain fiber.

In this work, we experimentally demonstrated a low-
threshold MWBFL with double-wavelength spacing using an
SCF with a core diameter of 5 um as the Brillouin gain
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medium. The output spectra and laser powers of the MWBFLs
based on an SCF and an SMF were measured for comparison.
The threshold powers required to generate the first five laser
channels of the two MWBFLs were also recorded. Further-
more, the tuning wavelength range and optical power fluctua-
tions of the SCF-based MWBFL were investigated to evaluate
its wavelength tunability and temporal stability.

2. Experimental setup

The experimental configuration of the MWBFL with
double-frequency spacing is shown in Fig. 1. The Brillouin
pump (BP) with a frequency @, is provided by a tunable laser
source (TLS) with a 3 dB linewidth of < 100 kHz and an
output power of 10 dBm. The BP is firstly amplified by an
erbium-doped fiber amplifier (EDFA), and then injected into
the main cavity by a 70/30 optical coupler 1 (OC1). Next,
99% of the BP power is launched into the sub fiber cavity,
which consists of two circulators (CIRs) and the fiber under
test (FUT), by the 99/1 OC2. The FUTs used in this exper-
iment are an SCF and an SMF, respectively. Two mode field
adaptors (MFAs) with the total insertion loss of 0.5 dB are
employed to reduce the power loss originating from the mode-
field mismatch between the SCF and the pigtails of CIRs. 20!
When the counter-clockwise BP power after CIR1 exceeds the
SBS threshold of the FUT in the sub fiber cavity, the first-
order Stokes (S1) with a frequency @, which is downshifted
by vg from the BP optical frequency @, is generated clock-
wise and directed into the FUT again due to the unidirection-
ality of the CIRs, while the residual BP power is split out by
CIR2. Once the power of S1 exceeds the threshold for the
next order Stokes, S2 (s = W51 — VB = @p — 2VB) is gener-
ated and travels in the opposite direction to S1, i.e., in the same
direction as the BP’s traveling path. The laser output is con-
nected by the 1% port of OC2 to a power meter or an optical
spectrum analyzer (OSA) with a resolution of 0.01 nm. The
remaining 99% optical power of S2 is directed into the sub
cavity by CIR2 as a new pump for the generation of the next
order Stokes S3 (@3 = @, —3vp). Hence, S1 and S3 firstly
take place as a degenerate four-wave mixing (FWM) process,
which will produce S5 (@5 = 203 — @) = @, — 5vB) and the
first anti-Stokes AS1 (was1 = 20 — @3 = @p + vB). These
generated Stokes and anti-Stokes (AS) then interact and cre-
ate the higher Stokes and AS through SBS and multiple FWM
processes. These processes continue until the Stokes power of
a certain order is insufficient to excite the SBS effect. Under
this condition, the odd orders of S1, S3, S5, and so on are even-
tually limited in the sub cavity, while the 1% port of OC2 in
the main cavity only outputs BP and the even orders of S2, S4,
S6, and so on, thus forming an MWBFL with double wave-
length spacing. The polarization controller inserted inside the

cavity needs to be adjusted constantly to keep the polariza-

tion parallel between the BP and Brillouin gain throughout the
[21]

experiment.

Fig. 1. The experimental setup of the MWBFL with double-frequency spac-
ing.

3. Experimental results and analysis

The Brillouin gain spectra of the two FUTs are detected
using the pump and probe technique,*?! and the results are il-
lustrated in Fig. 2. The measured Brillouin frequency shift vg
and the Brillouin linewidth (Avg) of the SMF are 10.72 GHz
and approximately 29 MHz, respectively, while those of the
SCF are 10.498 GHz and 43 MHz, respectively. These results
are basically consistent with our previous work.!'”! As can be
clearly seen, the measured vg of the SMF is slightly higher
than that of the SCF. This result may be related to the core size
and the dopant content, such as GeO; or F.[>3] For the SCF, the
refractive index increases with the GeO, concentration in the
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Fig. 2. Measured Brillouin gain spectra of the two fibers. (a) SMF and

(b) SCE. The blue/red line shows a Lorentzian fitting.
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core; thus, the longitudinal velocity decreases, accounting for
the lower vy of the SCF than that of the SMFE.[2l Meanwhile,
these factors can also increase the Avp of fibers. Additionally,
the shear acoustic waves cannot be completely neglected in a
fiber with such a small core size, making the Avg of the SCF
slightly larger than that of the SMF.[?3)

Figure 3 shows the output spectra of the MWBFLs based
on the two FUTs obtained at different pump powers. In this
experiment, the center wavelength of the BP is set at 1560 nm
because it coincides with the peak gain position of the EDFA.
For MWBFLs, the number of the generated even-order Stokes
increases gradually as the BP power is changed from 20 mW
to 150 mW. Multiple orders of anti-Stokes (AS) are observed
on the left side of the BP, especially in the SCE.[?! This ob-
servation is attributed to the role of the FWM in the FUTs
given that AS with new frequencies on the short wavelength
side from the BP cannot be induced by SBS.?”! In addition,
the number of Stokes generated in the SCF is obviously gener-
ally more than that in the SMF when injecting the same pump
power.
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Fig. 3. Output spectra of the MWBFLs based on (a) SMF and (b) SCF with
different pump powers.

Figure 4(a) depicts the output spectra of the MWBFLs
based on the two FUTs at the maximum pump power of
180 mW. It is shown that only six channels with a wavelength

interval of 0.17 nm between every two adjacent laser chan-
nels are generated when the SMF is used as the Brillouin gain
medium. In contrast, the laser channel interval in the SCF is
0.166 nm and the total number of channels is 13, which is
twice the total number of channels in the SMF. The laser out-
put power versus the pump power of the MWBFL is plotted
in Fig. 4(b). The output powers increase linearly with the BP
powers regardless of whether the SMF or SCF are used as the
Brillouin gain fiber. When the BP power is 180 mW, the laser
output power of the MWBFL based on the SCF is 1.4 mW,
which is larger than that of the MWBFL based on the SMF
(1 mW). All of the output powers for the SCF are > 1.4 times
more than those for the SMF when the same BP power is in-
jected. In addition, the laser output power of the MWBFL is
improved further if the insertion loss of the MFAs can be re-
duced.
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Fig. 4. (a) Output spectra of the MWBFLs based on the SCF and the SMF at
180 mW pump power. (b) Output power versus the pump power for the two
kinds of fibers above.

The pump powers required for the first five laser channels
of the MWBFLs based on the two FUTs are given in Fig. 5.
Here, we define the threshold power as the value of the BP
power when the intensity of the next channel is equal to 1%
of the former channel, which means 20 dBm lower than the
former. The threshold powers for S2, S4, S6, S8, and S10 are
5.96, 17.64, 52.43, 89.95, and 118.62 mW, respectively, in the
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SMF and are 3.62, 9.75, 31.91, 53.08, and 70.36 mW, respec-
tively, in the SCF. On average, the threshold power required to
generate the same order Stokes for the SCF is almost 59% that
for the SMF, showing that the SCF has a lower threshold than
the SMF and making it potentially appropriate for use in some
applications that demand low power consumption.
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Fig. 5. The pump power required for each channel of the MWBFLs based on
the SMF and SCF.
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Fig. 6. Electrical spectra of the MWBFLs based on the (a) SMF and (b) the
SCF.

Figure 6 shows the RF spectra of the SMF- and SCF-
based MWBFLs recorded within a frequency span of 1 MHz
by directing the laser output into a photodetector followed by

an RF spectrum analyzer.!”8! The results show that the RF
spectra for the SMF and SCF cases exhibit multiple longitudi-
nal mode operations!*’! with spacing of approximately 20 and
19 kHz, respectively, corresponding to the free spectral range
of the ring cavity.**] This phenomenon is caused by the gain
competition and the mode hopping of multiple longitudinal
modes due to the relatively long cavity length. This situation
needs to be carefully treated when such an MWBFL is used as
the light source to generate pulse signals.3!! Currently, as the
fiber was not polarization maintaining, the unstable oscillation
is caused by the polarization state changing with the surround-
ing environment, which required occasional readjustment of
the polarization of the input light. Furthermore, by enclos-
ing the gain fiber in a temperature-controlled system, it should
be possible to eliminate the variation in ambient temperature
which leads to the laser oscillation instability.>! However, it
can be considered that the sub-second instability of multiple
longitudinal modes does not have a significant effect on the
multiwavelength light source. Moreover, a single longitudi-
nal mode can finally be achieved by shortening the length of
Brillouin gain fiber, that is, the length of the whole cavity.
The wavelength tunability of the SCF-based MWBFL is
measured at the same pump current as the EDFA and is shown
in Fig. 7. The BP can be freely changed over 30 nm from
1535 to 1565 nm. Hence, a wide wavelength tuning range is

obtained.
0 -
~ —15}
g
an)]
=
= —30r
)
2
o
o}
= —45r
[®}
8
) L
C g0}
75 1 1 1 1

1 1
1545 1555 1565

Wavelength (nm)

1
1535

Fig. 7. Output spectra of the SCF-based MWBFL from 1535 to 1565 nm.

Temporal stability is one of the most important proper-
ties in multiwavelength lasers. The power fluctuations of the
BP and the first eight channels of the SCF-based MWBFL are
measured at a BP power of 180 mW over an hour at 5 min
intervals at room temperature. As shown in Fig. 8, the max-
imum power fluctuation for the BP and the first four chan-
nels with double spacing is less than 0.5 dB, whereas that for
the higher-order Stokes is 3.3 dB and is unstable relative to
those of lower-order Stokes.[*3! This is because the unsatu-
rated higher-order Stokes is relatively sensitive to instability
accumulation from the BP and the lower-order Stokes.
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Fig. 8. Temporal stability measurement of the laser channels generated in the
SCF-based MWBFL with the BP power of 180 mW over an hour.

4. Conclusion

In summary, MWBFLs with double Brillouin frequency
spacing are demonstrated based on the SCF and SMF, which
have two different core diameters of 5 and 8.8 pum, respec-
tively. The threshold power required to generate each laser
channel in the SCF-based MWBFL is approximately 59% of
that in the SMF-based MWBFL. Meanwhile, under the same
BP power, the output powers of the SCF-based MWBFL are
> 1.4 times those of the SMF-based MWBFL. When inject-
ing a BP power of 180 mW, the number of channels gener-
ated in the SCF-based MWBFL is 13, which is more than
twice that generated in the SMF-based MWBFL. Moreover,
the SCF-based MWBFL shows good properties in terms of
wavelength tunability from 1535 nm to 1565 nm and tempo-
ral stability over an hour. The proposed SCF-based MWBFL
with wider wavelength spacing shows potential for use in ap-
plications that require low power consumption and opens up
the potential for MWBFL to be used as the wavelength divi-
sion multiplexing (WDM) light sources that are beneficial for
wavelength demultiplexing. In addition, it has great potential
to be an alternative laser source for applications in sensing.
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