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We demonstrate a multi-wavelength Brillouin-erbium fiber laser (BEFL) with narrow linewidth and tunable wave-

length interval using dual-wavelength Brillouin pumping. The generation of multi-wavelength output in BEFL is based

on the combination of stimulated Brillouin scattering (SBS) and four-wave mixing (FWM) effect in a fiber cavity. The

tunable wavelength interval is determined by the artificially controlled wavelength interval of the pumping lasers. The

BEFL could compress a 1 MHz pump laser to a 340 Hz Brillouin Stokes laser, which proves the BEFL has excellent

capability of linewidth compression. An erbium-doped fiber pumped by 980 nm laser is inserted into the cavity to

further amplify the Brillouin laser. The wideband multi-wavelength BEFL covering over 50 nm is successfully

generated when the 980 nm pump power is 400 mW. These features of multi-wavelength BEFL provide an effective

method for optical communication systems and optical fiber sensing.
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Multi-wavelength fiber lasers with equal wavelength
interval have important applications in dense wavelength
division multiplexing (DWDM) systems!"), microwave
photonics™™, and optical sensor’®. In general, the stable
multi-wavelength lasers can be achieved based on the
four-wave mixing (FWM) effect™®, stimulated Brillouin
scattering (SBS) effect!™, frequency shift and phase shift
technology', and nonlinear optical loop mirrort’.
Among these techniques, SBS effect can significantly
suppress the linewidth of the multi-wavelength lasers,
which is usually critical for applications in coherent
optical communications'™, microwave photonics'” and
high resolution spectral analysis!'”. Assisted by FWM
effect, the multi-wavelength Brillouin fiber laser has
achieved a wider wavelength range with more
convenience!''. However, the frequency interval of a
multi-wavelength laser based on the SBS effect is
relatively fixed by a multiple of the Brillouin frequency
shift. The outputs of multi-wavelength Brillouin laser
with single (~10 GHz)!"?, double (~20 GHz)!"¥, triple
(~30 GH2)""! and quadruple (~40 GHz)""*' Brillouin
frequency intervals have been achieved at 1550 nm.
Moreover, Brillouin fiber laser could generate a multi-
wavelength source spanning from 1545nm to
1 575 nm""!. The previous work mainly used single Bril-
louin pumping!'”, which made the wavelength interval
limited by the Brillouin frequency shift in FWM
effect!'™. With the increase of the frequency interval, the

cavity architectures become very complicated while
continuous adjustment of the frequency interval is still
impossible. In order to conveniently adjust the
wavelength interval flexibly and increase the spectral
range, we need an effective approach. We use dual-
Brillouin laser injects to generate a broadband multi-
wavelength BEFL with an operating wavelength range.

In this paper, we report a multi-wavelength BEFL with
tunable wavelength interval and narrow linewidth based
on the combination of SBS and FWM effects in a fiber
cavity. By using dual-wavelength Brillouin pumping, the
output wavelength interval of the laser is continuously
adjustable. An erbium-doped fiber pumped by 980 nm
laser is inserted into the cavity to further amplify the
Brillouin laser. The wideband multi-wavelength BEFL
covering over 50 nm and 39 lasing lines with an optical
signal-to-noise ratio (OSNR) more than 10dB is
successfully generated under a 980 nm pump power of
400 mW. At the same time, the BEFL compressed a
1 MHz Brillouin pump laser to the 340 Hz Stokes laser,
which proves that the laser linewidth is reduced by more
than 2 900 times through the BEFL. We hope the multi-
wavelength BEFL with tunable and narrow linewidth can
open up the possibilities in diverse applications.

Our experimental setup is shown in Fig.1. Two
continuous wave (CW) single frequency lasers, two
polarization controllers (PCs), a 3 dB optical coupler (OC)
and a high-power erbium-doped fiber amplifier (EDFA)
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are used to form the pump source outside the cavity for
achieving dual-wavelength Brillouin lasers. Two CW
single frequency lasers, one is a narrow linewidth laser
with fixed frequency, and the center wavelength is
1 550.12 nm. The other is a tunable narrow linewidth laser
in C-band. We use the PC to adjust the polarization of the
two lasers separately, which can make the FWM effect in
the cavity achieve the best efficiency. The two lasers are
coupled together by a 3 dB OC, and then amplified by an
EDFA. Then, the two lasers inject into the fiber ring cavity
through port 1 of the circulator. The lasers enter the ring
cavity and propagate clock-wise through the 500-m-long
highly nonlinear fiber and then are blocked by a
polarization independent isolator, so it can not be
cyclically transmitted. The nonlinear coefficient, the
dispersion at 1550 nm and the dispersion slope of the
highly nonlinear fiber are 10 W™ -km™, 0.263 ps-nm™-km’
and 0.018 ps-nm™>-km™, respectively. At the same time,
because highly nonlinear fiber has higher nonlinear
coefficients compared to single-mode fiber, the SBS effect
is more likely to occur. After reaching the threshold of the
SBS effect, the Brillouin lasers propagate backward and
oscillate in the cavity to form a counterclock-wise loop.
The function of the wavelength division multiplexer
(WDM) is to connect the 980 nm pump source and an
erbium-doped fiber with a length of 0.7 m. Erbium-doped
fiber can compensate for the cavity loss and amplify the
reverse Brillouin Stokes signals. The output Brillouin
lasers are analyzed by using an optical spectrum analyzer,
a radio frequency (RF) spectrum analyzer equipped with a
photodetector and a power meter.

Firstly, we perform the experiment with the capability
of linewidth compression about the BEFL. Generally, the
linewidth of Brillouin laser is several orders of magnitude
narrower than the pump laser. To confirm it, the linewidth
of the Brillouin laser and the pump laser are measured by
using the delayed self-heterodyne method"*?”. As shown
in Fig.2, after the pump or Brillouin laser passes through
the 3 dB OC, one way is delayed through a single-mode
fiber with a length of 50 km, while the frequency of the
other beam is shifted by 70 MHz with an acoustic-optical
modulator. The two signals are combined through another
3 dB OC and detected by a photodiode. The photodetector
converts the optical signal into an electrical signal. Finally,
the linewidth can be obtained through an electrical spec-
trum analyzer (ESA).

Fig.3 shows the delayed self-heterodyne beating RF
spectra of the pump and Brillouin laser, respectively. In
order to reduce the influence of 1/f frequency noise on the
delayed self-heterodyne method®?", we use the 20 dB
spectral width of the delayed self-heterodyne spectrum to
estimate the ultra-narrow linewidth of the output Brillouin
laser. We use the Lorentzian line shape to fit the linewidth
of the Brillouin laser, which could calculate the value of
the linewidth. We can obtain that a 20 dB linewidth of
Brillouin laser is 6.81 kHz for the tunable laser. It shows
the linewidth of Brillouin laser is 340 Hz. In addition, we
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measured that the 3 dB linewidth of the pump laser is
about 1 MHz for the tunable laser. The linewidth of Bril-
louin laser was about 2 900 times narrower than the pump
laser. It has been confirmed that the BELF has a strong
capability of linewidth compression in both theory"”* and
experiment®”). This is due to the combined influence of
the continuous oscillation of the acoustic wave and the
feedback in the cavity, which leads to the compression of
linewidth. When the pump laser is converted into Brillouin
Stokes laser, the linewidth will be greatly reduced. In the
same way, we can obtain the 20 dB linewidth of the
Brillouin laser is about 7.12kHz for the CW laser,
indicating that its Lorentzian linewidth is 356 Hz. The
3 dB linewidth of the pump laser is about 20 kHz for the
CW laser. The linewidth of Brillouin laser compared to the
linewidth of pump laser reduced by 56 times. Although
the linewidths of the two input pump lasers have a large
gap, the final linewidths of output Brillouin lasers have a
small difference, which is caused by reaching the
linewidth compression limit of the laser. It is determined
by the limit linewidth of the BEFL itself. More essentially,
it is determined by the influence of spontaneous scattering
noise, spontaneous radiation noise and other factors. These
factors make the compressed linewidth limited to the order
of 100 Hz. In other words, the dual-Brillouin lasers with
the linewidths of 340 Hz and 356 Hz are generated by the
linewidth compression of BEFL. Furthermore, the output
multi-wavelength laser originated from the interaction
between the dual-wavelength Brillouin lasers can inherit
the narrow linewidths by the FWM effect.

TLS
Q pCl  oci EDFA CIstoomHNLF
B B e \
e WS- Py @ \ Q P1ISO
CW laser PC2 WDM 0O
EDF A —
o2
Brillouin laser _
output

TLS: tunable laser source; EDFA: erbium-doped fiber amplifier; CIR:
circulator; HNLF: highly nonlinear fiber; OC: optical coupler; PC:
polarization controller; PI-ISO: polarization independent isolator;
WDM: wavelength division multiplexer

Fig.1 Experimental setup of the proposed multi-
wavelength BEFL

Erbium-doped fiber is used as the gain medium in the
BEFL. The gain of 980 nm pump, amplified spontaneous
emission noise and other factors may affect the
compression of the output Brillouin laser. We detect the
influence of output linewidth of Brillouin laser under
different 980 nm pump power in the cavity. We adjusted
the 980 nm pump power from 100 mW to 500 mW at
intervals of 100 mW, and compared the linewidths of
each pump power. It is found that there is almost no
difference in linewidths as shown in Fig.4, which shows
the relationship between the linewidth of two Brillouin
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lasers and the 980 nm pump power. Fig.4(a) shows the
tunable laser and Fig.4(b) shows the CW laser. The small
figures show the linewidth compression multiples under
each pump power. It is found that although the
magnification of each laser has a small change, it is
independent of the pump power. This is because
although the Brillouin power in the cavity will continue
to increase with the increase of the pump power, once the
pump power exceeds the threshold of the SBS effect, the
Brillouin laser will circulate stably in the cavity. Pump
power does not affect the multiple of linewidth
compression in the state of reaching the threshold of the
SBS effect.
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SMF: single-mode fiber; AOM: acousto-optic modulator; PD:
photodetector

Fig.2 Experimental setup for measuring linewidth by
delayed self-heterodyne method

-60,

—Pump laser
Brillouin laser

Intensity (dBm)

8
£
% 90|
_120_.5100 _ Q]ddﬂ}?m
5-110) | [(ST12kHz
T 190 69.95 70.00 70.05 70.10
Frequency (MHz)
7650 675 700 725 750
Frequency (MHz)
@
-60 .
— Pump laser
~ Burillouin laser
-80

i
I
| |20 dB line-

Intensity (dBm)
8
Intensity (dBm)

1201 Z10 — s
-120
69.90 6995 7000 7005 70.10
_140 Frequepcy (MHz) R
69.0 69.5 70.0 70.5 71.0
Frequency (MHz)

(b)

Fig.3 Delayed self-heterodyne spectra of the pump
laser and the Brillouin laser for the (a) tunable laser
and (b) CW laser
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Fig.4 Delayed self-heterodyne spectra of Brillouin
laser at different 980 nm pump power of (a) TLS and
(b) CW laser

In the following experiment, we set the wavelengths of
two continuous-wave lasers to 1550.12nm and
1 551.72 nm. The wavelength interval of dual-laser is
1.6 nm. With the increase of pump power outside the
cavity, the FWM effect continues to increase, more and
more energy is stored in the loop and the number of
lasing lines is also increasing, as shown in Fig.5. It is
shown from the initial two Brillouin lasers evolved into
dozens of output wavelengths with the increase of
980 nm pump power. The wavelength range of the multi-
wavelength BEFL is improved from 10 nm to 60 nm
when the 980 nm pump power increases from 0 mW to
400 mW. When the pump power of the EDFA outside
the cavity is 300 mW and the 980 nm pump power is
400 mW, the output wavelength range is over 50 nm, and
there are 39 wavelengths with an OSNR exceeding
10 dB.

At the same time, we study the effect of the 980 nm
pump power on the performance of the multi-wavelength
BEFL. The evolution of the number of lasing lines with
the OSNR more than 10 dB is plotted in Fig.6 as a
function of the 980 nm pump power. The result shows
that the number of lasing lines reaches a maximum of 39
at the 980 nm pump power of 400 mW. This can be
attributed to that the wavelength range of about 100 nm
is limited by the gain spectrum of the 500-m-long highly
nonlinear fiber, so the number of output wavelengths will
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not increase indefinitely as the pump power increases.
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Fig.6 Number of lasing lines of the wideband BEFL as
a function of the 980 nm pump power

When the dual-wavelength pump laser power reaches
the threshold of the SBS effect, the center wavelengths
of first-order Brillouin lasers are 1550.206 nm and
1 551.800 nm, and their OSNRs are as high as 70 dB.
Hence, the Brillouin laser is equivalent to a narrow-band
low-pass filter, which can reduce and remove the relative
intensity of the pump lasers. With the increase of pump
power inside and outside the cavity, the dual-wavelength
Brillouin laser in the cavity generates numerous lasing
lines through cascaded FWM effect. At the same time,
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we found that high-order (>2) Brillouin lasers are still
greatly suppressed even under high power pumping.
Interestingly, we observed that the number of lasing lines
at the red end is more than that at the blue end. This is
because the wavelength of the best gain of the erbium-
doped fiber is around 1560 nm, which has a stronger
amplification effect at the red end in the multi-
wavelength BEFL. In addition, the output Brillouin laser
has a dispersion wave around 1 500 nm as shown by the
black line in Fig.7, which is caused by the high-order

dispersion in the highly nonlinear fiber'**,
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Fig.7 Output spectra at different wavelength intervals
under 980 nm pump power of 300 mW: (a) 0.8 nm; (b)
1.6 nm; (c) 2.4 nm; (d) 3.2 nm

In order to verify the tunability of the wavelength
interval, while fixing the pump power to 300 mW, we
adjust the different wavelength intervals and observe the
output spectrum, as shown in Fig.7. The experimental
results show that the number of output wavelengths in the
multi-wavelength BEFL decreases significantly as the
wavelength interval of the injected dual-pump lasers
increases. The main reason for this situation is that more
wavelengths are located near the peak gain of the erbium-
doped fiber, which makes it easier to overcome the loss in
the cavity and obtain the output multi-wavelength.
Another reason is that the narrower wavelength interval is
easier to meet the phase-matching condition to perform the
FWM effect. Both of these make the output wavelengths
more and more and the output wavelength range is further
broadened. When the wavelength interval is 3.2 nm as
shown in Fig.7, small fluctuations are generated in the
vicinity of the double-pumped Brillouin laser. This is
because the fewer the number of output wavelengths, the
higher energy contained in a single wavelength when the
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pump power is constant. This proves that the multi-
wavelength BEFL with continuously tunable wavelength
intervals from 0.8 nm to 3.2nm can be achieved by
varying the wavelength interval of dual lasers.

In conclusion, we demonstrated the generation of tunable
and narrow linewidth multi-wavelength BEFL via FWM
effect. The wideband multi-wavelength BEFL covering
over 50 nm and 39 lasing lines with the OSNR more than
10 dB is successfully generated at 980 nm pump power of
400 mW. The use of dual-laser injection can flexibly adjust
the output wavelength interval. Furthermore, the dual-
wavelength Brillouin lasers with linewidths of 340 Hz and
356 Hz are measured by using the delayed self-heterodyne
method. The multi-wavelength BEFL can increase the
communication capacity and will be widely used in optical
communication systems in the future.
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