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In this paper, an actively Q-switched wavelength injection locking random fiber laser (RFL) based on random

phase-shifted fiber Bragg grating (RPS-FBG) is proposed, and the performance of the laser is verified by experiments.
Within the reflection bandwidth range of RPS-FBG, spanning from 1 549.2 nm to 1 549.9 nm, different laser modes
with stable central wavelength and peak power can be selectively chosen by varying the injected light wavelength. The

power fluctuation within 1 h is less than 0.1 dBm, and the central wavelength drift is less than 0.02 nm. When the

pump power increases from 90 mW to 300 mW, the pulse width decreases from 3.2 pus to 1.5 ps, and the pulse repeti-

tion frequency is 20 kHz. The RFL can reach a stable locking state at the lowest pump power of 100 mW and the low-

est injection power of 3 dBm. When the wavelength is locked, the output pulse is a single pulse. On the contrary, the

unlocked output pulse is multi-pulse. The laser has the characteristics of high wavelength tunability in the reflection

range of RPS-FBG and it can be an ideal light source in the fields of laser imaging and pulse coding.
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Since being proposed in 2010, random distributed feed-
back fiber lasers (RDF-FLs) have received extensive
attention due to their high efficiency and simple struc-
ture!"*). Compared with traditional fiber lasers based on
cavity mirror feedback, random fiber laser (RFL) is
based on the localized effect of light scattering in the
fiber™™.. It is characterized by a simple structure, superior
directivity and stable output. Additionally, it can produce
narrow linewidth laser output due to its distributed am-
plification effect. As a result, RFL finds diverse applica-
tion prospects in the realms of imaging!®, optical fiber
sensing™ and nonlinear optics!®.

Researchers frequently employ the nonlinear gain
(stimulated Raman/Brillouin scattering amplification
effect) of long single-mode fiber (SMF)"*! as the foun-
dation for the design of RDF-FLs. Furthermore, exploit-
ing the capability of stimulated Brillouin scattering
within SMF for wavelength conversion enables the at-
tainment of stable multi-wavelength output in RFL sys-
tems through the substantial amplification of Brillouin
pump power to excite higher order Brillouin Stokes
light!'*'"l. Random lasers, however, often require tens of
kilometers of SMF in order to provide effective feed-
back, and they have a high threshold for generating.

To shorten the length of the feedback medium and de-
crease the laser threshold, SHAPIRA et al''* used ran-

dom phase shift fiber Bragg grating (RPS-FBG) arrays to
verify the optical localization phenomenon in their re-
search, and explored its various applications in random
lasers. After LIZARRAGA et al'* realizing a 150 cm
erbium-germanium co-doped RFL with 31 FBGs
pumped by 976 nm laser in 2009, GAGNE et al'" used
some single FBGs with a length of 20—30 cm instead of
random grating array to realize compact RFL, obtaining
a laser output with a linewidth of 0.5 pm. Due to the ef-
fective optical localization effect introduced by FBGs
and the high gain of erbium-doped fiber, the gain thresh-
old of RFL reaches 3—10 mW.

Because the reflection wavelength phase of the
RPS-FBG is random in the RDF-FL described above,
controlling the output wavelength is difficult. To achieve
switchable and tunable effects, in random lasers using
SMF as the feedback medium, researchers usually use
filters, such as Sagnac loop filters'"®, programmable opti-
cal processors (WaveShaper)'® and Bragg grating ar-
ray!'"l. Thus, different filters can be used in RFL to obtain
stable wavelengths. In 2019, ZHANG et al'® used the
bean scanning method to apply a 20-mm-long RPS-FBG
with 20 random phase shifts, by immersing the
RPS-FBG into water to suppress the mode competition
to obtain a more stable single-wavelength laser. How-
ever, this operation is too restrictive and cumbersome for
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practical applications, and the mode competition can be
suppressed to generate a stable single wavelength. How-
ever, the wavelengths cannot be adjusted individually.

Moreover, random pulse lasers are also a hot research
area in recent years, which can be used in pulse coding
and other fields. Pulse output can be achieved by passive
methods such as saturable absorbers!'”, or by active me-
thods. Active control mechanisms allow real-time control
of the obtained pulse, and their repetition rates are very
stable. Therefore, we introduce an electro-optic modula-
tor (EOM) to realize active Q-switching. By adjusting
the pump power and introducing injected light, sin-
gle-pulse or multi-pulse output can be adjusted.

In this paper, RPS-FBG is used as the feedback me-
dium to realize RFL. Through the EOM, active
Q-switching is introduced into the injection locking sys-
tem. The experimental results indicate whether the wa-
velength is locking is related to the pump optical power
and the injected optical power. When the pump power is
increased from 150 mW to 300 mW, the injected optical
power is required to increase from 10 dBm to 14 dBm to
achieve an injection-locked state. In addition, both pulse
amplitude and spectral amplitude are affected by the
central wavelength of the injected light. They reach the
highest point when the injected light wavelength is
1 549.8 nm. When the injected optical power increases
from 6 dBm to 12 dBm, the output pulse power is rela-
tively stable, and the power is about 9 dBm.

Based on RPS-FBGs, the experimental setup of the
actively Q-switched wavelength injection locking RFL is
illustrated in Fig.1. A tunable wavelength laser TLS200
(with a wavelength tuning range of 1 528—1 565 nm and
an output power adjustment range of 6—15 dBm) acts as
seed light to inject into the cavity through a 3 dB optical
coupler 2 (OC2) to lock the emission wavelength of the
system laser. The RPS-FBG is connected to the cavity
through circulator port 2 to provide feedback. Mean-
while, the unidirectional propagation of light in the cav-
ity is ensured. It is a fiber-coupled LiNbO; EOM based
on Mach-Zehnder (M-Z) structure with a 10 GHz modu-
lation bandwidth and a maximum direct current (DC)
bias voltage of 5 V. A 980 nm pump light source is used
to pump a section of erbium-doped fiber (EDF) with a
length of 10 m, core diameter and cladding diameter of
6/125 ym, and erbium ion doping concentration of
4 000 ppm through a 980 nm/1 550 nm wavelength divi-
sion multiplexing (WDM). A polarization controller (PC)
is used to control the polarization state of the light in the
RFL, the 20% port of optical coupler 1 (OC1) is used for
the output of the laser, and the 80% port is used for the
feedback of the optical resonator. The output spectrum is
analyzed using an optical spectrum analyzer (YOKO-
GAWA AQ6370D OSA) with a spectral resolution of
0.02 nm. The output power was measured by an optical
power meter (PMSII-A). The time-domain characteris-
tics of the laser are recorded through a 200 MHz digital
oscilloscope (UTD4202C) in conjunction with a photo-
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detector  (Discovery  Semiconductors, DSCI0H,
200 MHz).
[Pump) @
EDF
WDM o
1l RPS-FBG
0C250:50

Circulator )2—+++H+H

TLS Sicrel source| 3
OC180:20
/. EOM

Fig.1 Experimental setup of wavelength injection
locking active Q-switched RFL based on RPS-FBG

The transmission spectrum and reflection spectrum of
the RPS-FBG used in the experimental setup are shown
in Fig.2. The RPS-FBG is fabricated by the beam scan-
ning method, by introducing 20 phase-shift points with
random changes into an ultra-short grating with a length
of 25 mm, the central wavelength is about 1 550 nm, and
each grating is about 1.19 mm. Due to the similar char-
acteristics of the grating segments, it has a similar reflec-
tivity, and the reflectivity is about 4%. It can be seen
from Fig.2 that the bandwidth of the reflection spectrum
is slightly wider than that of the transmission spectrum,
and the 3 dB bandwidth centered at 1549.55nm is
0.70 nm. As a result of the randomness of the feedback
provided by the random grating, many narrow linewidth
transmission spikes appear on the reflection spectral en-
velope, which can introduce intense mode competition in
random lasers, affecting the stability of the laser output.
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Fig.2 Reflection and transmission spectra of the
RPS-FBG

When the pump power is 300 mW, the external mod-
ulation signal is a sine wave with a frequency of 20 kHz
and a modulation amplitude of 5V, the output spectra
are sampled every 10 min, and a total of six spectra are
collected in different moments. When the pump power is
fixed at 300 mW, the output spectrum is dual-wavelength
by adjusting the polarization angle of PC, and the output
spectrum hardly changes. As shown in Fig.3(a), two dy-
namic output peaks are visible in the spectra of RFL.
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With RPS-FBG as the feedback medium, the RFL has no
constant laser resonator and no fixed output modes, and
multiple laser modes coexist. It can be seen from the
reflection spectrum in Fig.2 that there are many random
resonance peaks. As a result, there is intense mode com-
petition in the cavity, causing the output of the RFL to
fluctuate significantly. When a narrow linewidth laser
with a center wavelength of 1 549.5 nm and a power of
6 dBm is injected into the RFL under fixed pump power,
the injection locking phenomenon is observed. And as
shown in Fig.3(b), the spectra are also sampled every
10 min, and a stable single-wavelength laser with the
central wavelength shift of less than 0.02 nm is obtained
within a 1 h observation period. This is because adding
the injected light replaces the original fierce mode with a
stronger mode resonance.
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Fig.3 Output spectra at six different moments when
pump power is 300 mW: (a) Without injected light; (b)
With injected light

Fig.4 illustrates the output spectrum of the RFL under
the influence of different injected wavelengths when the
pump power is set to 300 mW and the injected optical
power is at 6 dBm. By adjusting the TLS, we can obtain
a narrow linewidth laser whose central wavelength can
be adjusted from 1 549.2 nm to 1 549.9 nm. It shows that
the output wavelength of the laser can be controlled by
the wavelength of the injected light. Its range is consis-
tent with that of the RPS-FBG reflection spectrum,
which also confirms that within the reflection spectrum
range of RPS-FBG, the injected light can lock the output
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of the RFL, and it exhibits good wavelength stability.
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Fig.4 Output spectra corresponding to different injec-
tion wavelengths when pump power is 300 mW and
injection power is 6 dBm

In order to further explore the effects of the pump
power and the injection power on injection locking, we
adjust the TLS to output a laser with a central wave-
length of 1 549.5 nm. Fig.5(a) shows the output spectrum
of RFL when the TLS injection power is 6 dBm and the
pump power is changed from 90 mW to 300 mW. It can
be observed that when the pump power is 90 mW, the
output spectrum is a single wavelength output with a
central wavelength of 1549.5 nm. The injected light,
however, can not eliminate the fierce mode competition
in the cavity completely with the increase of the pump
power. A pump power of 200 mW produces an output
wavelength with many unstable peaks at 1 549.8 nm. As
the pump power continues to rise, when it was 300 mW,
dual-wavelength output with peaks appearing at
1 549.5 nm and 1 549.8 nm, and the injection locking has
basically failed at this point. Fig.5(b) exhibits the spectra
of the TLS under varying injection powers while main-
taining a pump power of 200 mW. It is observed that the
occurrence of dual wavelengths resulting from mode
competition becomes progressively subdued as the injec-
tion power is elevated.

From above experiments, we can conclude it is clear
that the wavelength locking is dependent on both the
pump power and the injected optical power. Through
further experiments, the wavelength-locked injected op-
tical power thresholds under different pump powers can
be obtained, as shown in Fig.6. With the gradual increase
of the pump power, achieving locking necessitates a
higher injected optical power. The phenomenon of injec-
tion locking manifests at the critical value along the
curve. For instance, in the case of a pump power of
150 mW, a stable injection locking can be achieved by
applying an injection optical power of 10 dBm, and it
will not happen if the injected optical power is less than
10 dBm. When the pump power is 100 mW, only about
3 dBm of injected optical power is needed to generate
locking. The injected optical power threshold for wave-
length locking is positively correlated with the pump
optical power. In other words, the injected optical power
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must increase along with the pump optical power to lock
the resonance wavelength for the stable output. The rea-
son for this phenomenon is that higher pump power
stimulates more laser modes in the cavity of the RFL,
making wavelength locking more difficult. In this case, a
higher injected optical power is required to enhance the
resonant intensity of a specific mode, and then through
mode resonance suppression of other laser modes,
achieving the effect of injection locking.
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Fig.5 (a) Output spectra at pump power from 90 mW
to 300 mW; (b) Output spectra at injected light power
from 6 dBm to 15 dBm
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Fig.6 The curve depicting the relationship between
pump power (from 92 mW to 300 mW) and injected
light power (from 6 dBm to 15 dBm) threshold for
wavelength locking

In this paper, active Q-switching is introduced into
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RFL through a fiber-coupled LiNbO; EOM based on
M-Z structure. The modulation signal is a sine wave with
a frequency of 20 kHz and a modulation amplitude of
5V. As shown in Fig.7, it can be found that in the
RPS-FBG reflection spectrum range from 1 549.2 nm to
1 549.9 nm, different injection wavelengths correspond
to different output spectral intensities and pulse ampli-
tudes. It can be found that the highest spectral intensity
and pulse amplitude both appear at the wavelength of
1 549.8 nm. The spectral amplitudes and pulse ampli-
tudes at 1549.2 nm and 1 549.9 nm at the edge of the
reflection spectrum are significantly lower than the rest.
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Fig.7 (a) Output spectra at different injection wave-
lengths with the pump power of 300 mW, the injection
power of 6 dBm, the external modulation signal of a
sine wave with a frequency of 20 kHz and a modula-
tion amplitude of 5 V; (b) Output pulse sequences at
different injection wavelengths

As shown in Fig.8, under pump power of 300 mW,
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central wavelength of the injecting narrow linewidth la-
ser is 1549.8 nm. In Fig.9 and Fig.10, the external
modulation signal is a sine wave with a frequency of
20 kHz and a modulation amplitude of 5V, when the
power of the injected signal is increased from 6 dBm to
12 dBm. During the whole experiment, the laser is in
injection locking state. As shown in Fig.9, it can be
found that the change of the output pulse amplitude is
not obvious, and the pulse intervals are also unchanged.
In addition, as can be seen from Fig.10, the pulse width
of the output pulse remains at about 2.5 ps. Conse-
quently, injection power has little effect on output pulses.
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Fig.8 Output spectrum when fixed pump power at
300 mW, and central wavelength of the injecting nar-
row line-width laser is 1 549.8 nm
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Fig.9 Output pulses at different injection powers
when the pump power is 300 mW, the injection wave-
length is 1549.8 nm, and the external modulation
signal is a sine wave with a frequency of 20 kHz and a
modulation amplitude of 5V

Fig.11 shows the variation trend of output power and
pulse width under different pump powers. The red curve
is the relationship between pump power and output
power, and the black curve is the relationship between
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pump power and pulse width. The pump power and out-
put power are approximate linearity relation. With in-
creasing pump power, the pulse width gradually de-
creases. At the same time, the pulse width is affected by
the rise time of EOM and the dynamic gain of the EDF.
When the laser is transmitted back and forth in the RFL,
the generated pulse peak will continuously and rapidly
exhaust the superior particles, resulting in a pulse with
narrow pulse width. As the pump power increases, the Q
value in the cavity is increasingly higher, so is the deple-
tion rate faster, resulting in the narrowing of pulse
width®. Combined with the description of Fig.8 and
Fig.9, we can conclude that the pulse width in RFL is
only affected by the pump power, and has nothing to do
with the injection power.
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Fig.10 Output pulses at injection power of 12 dBm
when the pump power is 300 mW, the injection wave-
length is 1549.8 nm, and the external modulation
signal is a sine wave with a frequency of 20 kHz and a
modulation amplitude of 5V
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Fig.11 Variations of output power and pulse width
when the pump power is changed from 92 mW to
300 mW

Furthermore, in the absence of wavelength locking of
the RFL, the generation of a random pulse sequence en-
sues. A RFL pulse sequence was shown in Fig.12(a) with
a pump power of 300 mW, an injected optical power of
12 dBm, a wavelength of 1 549.8 nm, and a modulation
signal as a sine wave with a frequency of 20 kHz and an
amplitude of 5 V. Due to wavelength locking, there is
only one resonance wavelength as shown in Fig.12(b),
and the output pulse sequence is a stable single pulse
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signal produced by EOM modulation.

When the pump power is set at 300 mW, the injected
optical power amounts to 6 dBm, while the injected
wavelength corresponds to 1 549.8 nm. The wavelength
injection locking phenomenon does not occur, thus ran-
dom pulse trains can be observed. As shown in Fig.12(c),
due to the lack of wavelength locking as well as the beat
frequencies between 1549.5nm, 1549.8 nm and the
injected light, there is fierce mode competition within the
RFL. At the same time, due to the high pump power and
high repetition frequency, the output pulses are split and
there are multiple output pulses in one cycle. Moreover,
because the output light is generated by the RPS-FBG as
a feedback medium, it is highly random and unstable,
resulting in amplitude imbalance in multi-pulse se-
quences. Because there is no wavelength locking, the
output spectrum is dual-wavelength, as shown in
Fig.12(d).
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Fig.12 Output pulses in different states of (a) locking
and (c) not locking; Output spectra in different states
of (b) locking and (d) not locking

This paper presents a novel approach to achieve
wavelength injection locking in a RFL utilizing a tunable
random phase shift grating. The RPS-FBG employed in
this configuration exhibits a reflection range spanning
from 1 549.2 nm to 1 549.9 nm. A semi-open cavity RFL
is constructed using a RPS-FBG as the feedback me-
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dium. When no seed light is injected, the instability of
the output wavelength arises from the presence of mode
competition. However, by introducing seed light injec-
tion, a stable and singular output wavelength can be
achieved. By observing the output spectrum and the
output pulse, both of them obtained the highest value at
1 549.8 nm. When wavelength locking, the pulse width
decreases with increasing pump power. The wavelength
injection locking RFL based on RPS-FBG proposed in
this paper has the characteristics of simple structure, sta-
ble single wavelength after locking and easy control over
the central wavelength. The stable and easily controllable
single wavelength can be used in fields such as medical
and laser imaging. And due to the introduction of the
EOM, there is a stable single pulse after injection lock-
ing, which can be used in pulse coding, pulse sequence
laser detection and other technical fields.
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