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ABSTRACT A symmetrical 80-km open cavity erbium-integrated hybrid random distributed feedback fiber
laser (HRFL) was proposed and experimentally demonstrated. A variation of pumping schemes and cavity
lengths was first investigated prior to the integration of the EDF. The impact of Raman and EDF hybrid
amplification was then investigated through EDF length variation. The proposed scheme used a single
common pump to incite both Raman and erbium gain to produce a single peak at a 1567-nmwavelength with
maximum OSNR of 62.37 dB. A maximum total output power generation of 1420 mW was achieved with
high-slope efficiency of 38%. The proposed hybrid setup has shown improved performance despite using
open-ended cavity sustained by only a single pump in contrast to previous more complex hybrid schemes.
Prolonged chaotic regime manifesting spontaneous pulse burst was also observed before the stable regime.
The simple operationwith the high performance of the proposed configuration offers a great potential for long
distance or remote access applications such as heavy metals sensing or even for biological hazard sensing.

INDEX TERMS Fiber lasers, Raman scattering, random fiber lasers, Rayleigh scattering, erbium.

I. INTRODUCTION
Before the emergence of random laser, optical scattering was
regarded as undesirable in the conventional laser scheme as it
would remove photons from its respective lasing modes [1].
However, multiple scatterings in disordered gain media sup-
port laser oscillation and amplification [2], which provide a
route for random lasers to operate without a classical res-
onator or mirrors [1]–[5]. Hence, random lasers can be con-
structed without a precise and costly configuration. In 2010,
the concept of random distributed feedback fiber lasers
(RDB-FL) employing stimulated Raman scattering (SRS)
as the nonlinear gain mechanism was first reported by
Turitsyn et al. [6], [7]. Random lasing in the optical fiber was
achieved by utilizing multiple Rayleigh scattering (RS) in an
inhomogeneous amplified gainmedium to achieve resonance,
where the intrinsic inhomogeneity of the fiber refractive
index forms random virtual distributed mirrors along the cav-
ity. The feedback from random scattering increases the path
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length of the light or dwell time in the active medium [1], [3]
giving rise to a larger optical gain to enable threshold gen-
eration. The continuous random feedback also enables the
laser cavity length to be varied accordingly for short or large
distance signal transmission.

The current situation with random fiber laser employing
SRS is that it features a high threshold condition, which is
due to the low gain coefficient of Raman and the weak feed-
back from RS. The high threshold condition of random fiber
laser limits the potential applications that can be engineered,
especially in circumstances where low power is the ideal.
Not only that, the components within the laser is expected
to be durable at very high optical power, heightening the
total cost of the system. For this reason, hybrid random fiber
laser was introduced [8]–[19] with the concept revolving
around the fundamentals of RS-based distributed feedback
but with additional characteristics from the integration of
specialty fibers such as single-mode fiber (SMF) with embed-
ded gratings [8], dispersion compensating fiber [9], [12]
erbium-doped fiber (EDF) [13]–[21], ring cavity [10], and
Fabry-Perot cavity [11] into the laser schemes. In comparison
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to non-hybrid random fiber lasers, some hybrid lasers exhibit
enormous reduction in the lasing thresholds accompanied
with narrow linewidth [20]. The generation of higher order
Raman emission was also possible at lower pump powers
[9], [12]. However, prior reported hybrid schemes often used
the approach of employing erbium gain [14], [15] and/or
stimulated Brillouin scattering (SBS) [17], [18] instead of
SRS as the gain mechanism, to lower the threshold condition.
In addition to this, the systems are also feedback-assisted
via half-opened [9], [11], [14], [15], [17], [19] or ring cav-
ity [8], [11], [18] designs for fast improved results. This
tendency has caused the schemes to not be fully optimized.

In this study, a hybrid random fiber laser (HRFL) is
reported based on the integration of SMF and EDF. This con-
figuration achieves random lasing through hybrid amplifica-
tion from SRS effect and EDF gain, assisted by RS feedback.
Our proposed hybrid random fiber laser setup yields com-
parable threshold conditions but with higher slope efficiency
and higher output power generation relative to other hybrid
configurations [9], [12], [14]–[17]. The proposed HRFL is
an attractive configuration as it simply needs a single pump
to sustain the laser system without requiring any physical
reflectors or ring cavities, thus simplifying the laser scheme.
Other Raman-erbium based random fiber laser investigations
[22], [23] had also employed similar pumping scheme but
were entirely different in terms of cavity design and laser
generation, as [22] was dependent on a filtered seed signal for
multiwavelength generation, while [23] relied on an FBG to
obtain low threshold and high efficiency. Prolonged chaotic
regime nonconforming of previously reported random fiber
lasers is observed. Finally, the proposed scheme also con-
firms the behavior demonstrated by the hybrid laser reported
in [12], where higher order Raman Stokes was suppressed at
high pump powers.

II. PUMPING SCHEME
To determine the best pumping scheme for the HRFL, the per-
formance of the outward and inward pumping configuration
(as shown in Fig. 1) are compared. For both cases, an open
cavity is utilized with two 40 km SMF-28e fiber spools
as the Raman gain medium. A 3 dB coupler is employed
to equally divide the pump power from a single 1455 nm
Raman pump unit (RPU) into the input ports. The outward
pumping (Fig. 1(a)) is the most commonly used pump-
ing scheme in RDB-FL [24]–[26] employing SRS. In this
scheme, the pump light from RPU is injected in the middle
of the cavity through a 1480/1550 nm wavelength division
multiplexer (WDM). It propagates toward isolator-terminated
output ports to prevent any Fresnel back reflection that can
infuse undesirable Fabry-Perot effect. On the other hand, few
investigations have considered inward pumping (Fig. 1(b))
for RDB-FL [27]–[29]. This structure requires pump light
to be coupled into the cavity from the ends. The principle is
the same for both setups, whereby pump light travels along
the gain medium and is converted for the generation of SRS
effect. Since the cavity length is very long, the pump light

FIGURE 1. (a) Outward pumping configuration adopted in [7] and
(b) inward pumping that our proposed system adopted before the
insertion of EDF (at point marked X).

is almost fully converted into Stokes signal in the SMF-28e
fiber. For this study, the total output power is taken from the
summation of output #1 and output #2 as depicted in Fig. 1.
However, only one side of the spectral output will be dis-
played as the measured results are approximately the same
due to the symmetrical configuration [7].

Fig. 2(a) shows the output power evolution with respect
to the total pump power. The maximum total output power
obtained with outward pumping is 378 mW and 1190 mW
with inward pumping at the maximum pump power (5.4 W).
The slope efficiency obtained in outward pumping is
7.6 % and 29.8 % in inward pumping. In outward pumping,
the equally split pump power only propagates through half
the cavity length in comparison to inward pumping. Thus,
a higher excess pump power unconverted to Raman Stokes is
expected at the end of the cavity. Another observation that can
be made is that the total power in outward pumping scheme is
utilized to develop both the 1st and 2nd order Raman Stokes
(see Fig. 2(b)). Ultimately, this leads to the poor power perfor-
mance for the 1st order Raman Stokes in outward pumping.
In the case of inward pumping, the maximum output power
is three-folds higher than its counterpart. This is expected,
since inward pumping scheme is almost similar to backward
pumping scheme in a sense that the outputs are both located
within the proximity of the pump source; the region with
high gain. It is also observed that at the maximum pump
power, only inward pumping achieved a stable laser, which
is shown by the suppression of the stochastic modes across
the Raman gain region. This shows that in developing a
single wavelength non-cascaded Raman laser output, inward
pumping is a more viable pumping scheme.

The inward pumping scheme is also assessed with sev-
eral different cavity lengths of the same fiber to gauge the
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FIGURE 2. (a) The output power growth and (b) the spectral output of
outward pumping (red and square) and inward pumping (blue and
diamond) at maximum pump power (5.4 W).

possibility of shorter RDB-FL. The cavity lengths tested
are 20 km, 40 km, and 60 km. The findings (not shown in
this paper) presented slight improvement in the threshold
with shorter cavity lengths, but a stable lasing operation is
inconceivable even at the maximum pump power. A possible
explanation for the stabilization of the laser with 80 km cavity
length is that the additional length has granted a supple-
mentary region where is exists to solely scatter the radiation
via Rayleigh scattering. In this supplementary region Raman
nonlinear effect is no longer prevalent from pump depletion;
hence it does not contribute to the amplification of the radi-
ation. However, it strengthens the resultant resonant curve
which results in bandwidth reduction size and stabilization
of the laser. A similar concept was also claimed in [14].
Conclusively, 80 km cavity length is maintained for the devel-
opment of a stable single-peak wavelength HRFL. For later
comparison purposes, the setup in Fig. 1(b) will be referred
to as ‘without EDF’ or non-hybrid setup.

III. PROPOSED EXPERIMENTAL SETUP
The experimental setup for the proposed HRFL is shown
in Fig. 3. The 1455 nm RPU is launched bidirectionally
through a 3 dB coupler for equal power distribution to
the 1480/1550 nm WDM and into the 80 km SMF-28e.
A RightWave LSL EDF (labeled as EDF) with maximum
peak absorption coefficient of 16.8 dB/m at 1530 nm [13]

FIGURE 3. The proposed experimental HRFL setup.

is inserted at the center of the cavity to form the hybrid
configuration. The EDF length in the setup is also varied
from 10 m to 40 m with 10 m increments. Since the HRFL
system also has a symmetrical structure, only a single end
of the system will be measured for spectral output but the
total output power will be a summation of the two output
ends (output #1 and output #2) as previously done with
the non-hybrid configurations. Acquisition of the generated
signal is performed using an optical spectrum analyzer (OSA)
with resolution of 0.01 nm and an optical power. The radio
frequency (RF) spectrum and temporal mode of the signal
are measured using an electrical spectrum analyzer (ESA).
electrical spectrum analyzer (ESA).

The operation of the HRFL is based on the combined
amplification of Raman and EDF gain as well as the reso-
nance of Rayleigh scattering in the long length SMF. The
1455 nm Raman pump that was launched into the SMF-28e
fiber instigated SRS effect with sufficiently high intensity
pump power. The SRS effect shifted the 1455 nm pump radi-
ation by about 100 nm (corresponding to 13.2 THz downshift
in the silica fiber), yielding Raman Stokes in the C-band
region with peak centered around 1555-1565 nm. Residual
pump power that had not been converted by the Raman effect
then excited the EDF. The Raman Stokes wave became the
incident signal to the EDF and triggered stimulated emis-
sion. As the generated radiation propagated through the fiber,
it was randomly backscattered by RS. The scattering formed
random virtual distributed mirrors along the cavity which
helped support oscillation essential for initiation of random
lasing. As the pump power was increased, intracavity losses
were overcame by the increasing gain and the threshold con-
dition was achieved.

IV. RESULTS AND DISCUSSION
Fig. 4(a) shows the output power development with varying
pump power. The HRFL has lower near-threshold condition
by a factor of 10 compared to the non-hybrid setup. However,
due to the ASE noise contribution from the EDF, it is difficult
to determine the exact pump power at which the threshold
condition begins. This is because, the graph of generated out-
put powers in Fig. 4(a) does not display the sharp curve asso-
ciated with lasing action. Hence, the near-threshold condition
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FIGURE 4. (a) Output power at one side with total pump power variation
and (b) ASE spectrum at near-threshold condition with respect to EDF
length.

of the HRFL is approximated by observing the initiation of
random peaks in the spectral output (Fig. 4(b)), which is sim-
ilar to the spectral behavior of conventional RDB-FL at the
same condition (Fig. 2(b)). The configuration with 20 m EDF
has the highest total output power and lowest near-threshold
value; 1440 mW and 263 mW, respectively. The best slope
efficiency is achieved by 20 m EDF with a calculated value
of 38%. Comparing the HRFL to the earlier investigation
on non-hybrid setup, the hybrid system reaches the near-
threshold condition at lower pump power and achieves higher
maximum output power, signifying the crucial role of EDF in
the HRFL.

Next, the spectral output growth with increasing pump
power is observed. Fig. 5 exhibits the spectrum of HRFL
with 10 m EDF. The spectral development can be divided into
3 regions as depicted in Fig. 5(b); the region before the ini-
tiation of the 2nd order Raman Stokes wave (R1); the region
during the growth of 2nd order Raman Stokes (R2), and lastly
the region where the laser finally achieves stable stationary
output with 2nd order Raman Stokes wave suppression (R3).

At 0.26 W total pump power, the low pump power is
sufficient to provide inversion in the short EDF length but is
incapable of instigating Raman gain, which explains the lack
of Raman component in the spectrum. As the pump power
increases, the 1530 nm peak starts to grow with potential
lasing peaks observed. At 0.97 W, the ASE gain at 1555 nm

FIGURE 5. (a) 3D view and (b) top view of the spectral output from HRFL
with 10 m EDF at various pump power.

wavelength becomes higher with stochastic peaks appearing
on top of it. This marks the onset of hybrid EDF and Raman
gain coexisting together. However, at 1.15 W the modes at
the 1530 nm gain peak suppresses the stochastic peaks near
1555 nm region. At this point, the EDF gain has higher net
amplification compared to Raman gain due to the low pump
power used. With increasing pump power, the dominant gain
wavelength continues to shift to longer wavelength. This
is due to the Raman effect that grows with pump power,
shifting the net gain profile towards the dominant Raman gain
wavelength at the 1555-1565 nm region.

At 1.34 W pump power, the HRFL has entered R2 where
stochastic components are instigated across the spectral pro-
file, and elevated emission is observed around 1690 nm cor-
relating to the 2nd order Raman Stokes shift. The 2nd order
Raman Stokes stochastic emission increases from 1.34 W to
2.05 W pump power, and maintains its shape up to 4.01 W
pump power. This suggests that the total power generated
near the 1st order region is sufficient to drive the 2nd order
Raman Stokes generation. At 4.20 W, the overlap between
the EDF gain and gain from SRS has amplified the 2nd
peak of the initial Raman gain region (1565 nm). At 4.34 W,
a smooth stable laser at 1567 nm is observed with complete
attenuation of 2nd order Raman Stokes (R3). The suppression
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of the 2nd order Raman Stokes emission at higher pump
powers was also observed in [12], which is attributed to the
complex nonlinear effects broadening the 1st order Stokes
signal. Thus, the threshold generation of the 2nd order Stokes
is raised and leads to the diminished emission in the 2nd order
Stokes region.

Subsequently, extending the EDF length in the HRFL to
20 m, 30 m, and 40 m, show spectral growths with similar
transitions with respect to pump power. The total pump power
at which the initiation (1.34 W), suppression of the 2nd order
Raman Stokes (4.01 W), and the formation of stable hybrid
lasing (4.20W) occur at approximately the same pump power
for 20, 30, and 40 m EDF. Fig. 6 shows the HRFL with
30 m EDF to demonstrate the transitions. With increasing
pump power, it can be observed that the peak shifts to longer
wavelength, similar to what has been observed in 10 m EDF
HRFL. Hence, the gain peak shifts from 1563 nm to 1567 nm
(see Fig. 6(b)). As with 10 m EDF, the random cavity modes
of 20 m, 30 m, and 40 m EDF are also influenced by resonant
wavelength of higher net gain, eventually converging to a
stable 1567 nm lasing.

FIGURE 6. (a) 3D view and (b) top view of the spectral output from HRFL
with 30 m EDF at various pump power.

The observation on the overall spectral behavior has high-
lighted that the insertion of EDF causes the system to be
prone to multiwavelength generation. This is manifested by
the escalated amount of the stochastic components and its

extensive distribution across the spectral profile wavelength
compared to prior EDF integration. The homogenous gain
broadening of EDF supports the abundant random wave-
length components, prolonging the stochastic emission over
a wider range of pump power. Due to the lack of a seed
wavelength or reflectors, a biased net gain via heightening
of the Raman gain is required to trigger the transition from
chaotic to stable emission.

Interestingly, increasing the EDF length results in the
reduction of the 1555 nm gain peak and the elevation of
the 1595 nm gain peak as exhibited in Fig. 7(a). With 40 m
EDF, the 1555 nm gain peak is completely flattened while
the 1595 nm gain peak is the highest compared to the other
EDF lengths. This effect is caused by the reabsorption of the
C-band emission in the unpumped section of the EDF, which
results in the shifting of the net gain profile towards longer
wavelength. The amplification in the longer wavelength is
heightened with the extension in EDF length, as exhibited by
the growing 1595 nm peak. This also causes the initiation of
stochastic components to form at a longer wavelength with
the increase in EDF length.

FIGURE 7. (a) Spectral profile of HRFL at maximum pump power and
(b) OSNR at 1565 nm peak with EDF length variation.

The optical to signal noise ratio (OSNR) measurements
with respect to EDF length is shown in Fig. 7(b). The
OSNR of the HRFL is measured using OSA starting from
the 1567 nm peak to the noise floor at 1586 nm as exhib-
ited in Fig. 7(a). 1586 nm is chosen as the reference noise
wavelength as it is the intermediate region connecting both

VOLUME 7, 2019 85871



N. H. Zainol Abidin et al.: Open Cavity Hybrid Raman-Erbium Random Fiber Laser With Common Pump

1565 nm and 1595 nm peaks. The trend shows that the OSNR
deteriorates with longer EDF length. The maximum OSNR
achieved is by 10 m EDF at 62.37 dB while the lowest is
by 40 m EDF at 55.89 dB. The extension of the EDF has
influenced the emission to absorption coefficient to be higher
near the 1595 nm region, subsequently raising the noise level
at 1586 nm. Despite the 1565 nm peak varying no more than
1 dB, a large OSNR deterioration occurs from 10 m to 40 m
EDF from the raised noise level.

The radio-frequency (RF) spectrum and temporal perfor-
mance of the HRFL with 30 m EDF are measured by using
a 16 GHz electrical spectrum analyzer. Figure 8(a) shows the
temporal behavior during the chaotic regime and Figure 8(b)
at the stable regime. Meanwhile, Figure 8(c) and (d) shows
the RF output during the chaotic regime and stable regime,
respectively. When the pump power is maintained at 0.10 W,
the optical spectrum is comprised solely of ASE gain from the
EDF, hence the temporal and RF domain show no activity.
Once the pump power is increased to 0.20-0.26 W where
the near-threshold condition occurred, high intensity random
pulsing in the temporal domain are observed (Fig. 8(a)) with
peaks at 10-11 GHz corresponding to Stokes shift of SBS in
the RF domain (Fig. 8(c)) The high intensity random pulses
occur in split second, and erratically.

FIGURE 8. Temporal behavior in (a) the chaotic regime and (b) stable
regime. Radio-frequency output in the (c) chaotic regime and (d) stable
regime.

The pairing of the RF and time domain behavior is named
as the chaotic regime in this paper. The Raman/EDF ampli-
fied cavity modes that were able to overcome intracavity
losses and stimulate SBS caused a rapid and strong increment
of the Q-value of the cavity, which produced random high
intensity pulsing [30]. As the nature of these modes were
volatile, the pulses appeared and vanished abruptly. Although
the prolonged stochastic pulse bursts regime seems similar
to the pulse bursts exhibited in [31], the pulse train lacked
coherency. The chaotic regime lasted from 0.20-4.20 W
pump power. The prolonged chaotic regime in contrast to

SMF-based RDB-FL in [6] is due to the chaotic emission
from the EDF [16]. The noisy and random spatially dis-
tributed EDF spontaneous emission is a good candidate
to initiate SBS, especially after its linewidth is narrowed
by Rayleigh backscattering [30], [32]. Increasing the pump
power to 4.20 W and above, the fiber laser enters the stable
regime where the SBS RF peaks receded entirely (Fig. 8(b)),
manifesting stable CW in the temporal domain (Fig. 8(d)).
The repression of the SBS peaks in RF domain is explained
in [33] as originating from the nonlinear spectral broadening
of the stochastic spikes due to cross phase modulation and
four wave mixing.

From the analyses, the HRFL exhibits substantially higher
power generation and efficiency as well as lower threshold
compared to non-hybrid system. Random fiber lasers which
employed EDF as the sole gain medium achieved even lower
threshold but with slope efficiencies of only 14% despite
using reflectors [14], [15]. Raman-based random fiber laser
investigation in [34], [35] was able to achieve high efficiency
up to 75-85%. However, our work demonstrated better OSNR
than in [34], [35] due to the suppression of higher order
Raman Stokes. This shows that employing both SRS and
erbium gain is key to better performance balance in random
fiber laser schemes.

Comparing the proposed scheme to previously reported
hybrid Raman-EDF scheme with same pumping design but is
assisted by FBG and circulators on both extremes of the cav-
ity [28] the proposed scheme has comparable OSNR (60 dB),
but higher near-threshold condition by 200 mW, which is
expected due to the absence of physical reflector. An open-
ended cavity hybrid system reported in [16], employed a
mix of inward pumping and outward pumping using multiple
pumps to separately power the EDF and SRS. Despite the
costlier configuration, the peak power and OSNR in [16] is
10 dB lower compared to the proposed hybrid scheme.

V. CONCLUSION
A hybrid Raman-erbium random fiber laser with low thresh-
old condition and high OSNR is demonstrated. The proposed
open-ended hybrid scheme was sustained only by a single
common pump source and achieve good power performance
without auxiliary feedback assistance from other compo-
nents. The hybrid system’s stable yet simple operation may
find applications that require remote access such as heavy
metals sensing or even for biological hazard sensing. On top
of that, the system’s emission preference towards the L-band
region with the increase in EDF length, could be easily devel-
oped into a simplified L-band random laser. The inclination
of the hybrid structure to support multiple resonant wave-
lengths could also be harnessed to advance the current mul-
tiwavelength random laser to high extinction ratio. Finally,
it is important to gather experimental evidence in devising
pertinent and practical applications, and the sustained chaotic
regime is an intriguing phenomenon which opens discussion
on potential spontaneous pulse burst emission exploitation.
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