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a b s t r a c t

This paper is focusing on simulation and analyzing of S-band multi-wavelength BrillouineRaman fiber
laser performance utilizing fiber Bragg grating and Raman amplifier in ring cavity. Raman amplifier-
average power model is employed for signal amplification. This laser system is operates in S-band
wavelength region due to vast demanding on transmitting the information. Multi-wavelength fiber lasers
based on hybrid BrillouineRaman gain configuration supported by Raman scattering effect have
attracted significant research interest due to its ability to produced multi-wavelength signals from a
single light source. In multi-wavelength BrillouineRaman fiber, single mode fiber is utilized as the
nonlinear gain medium. From output results, 90% output coupling ratio has ability to provide the
maximum average output power of 43 dBm at Brillouin pump power of 20 dBm and Raman pump power
of 14 dBm. Furthermore, multi-wavelength BrillouineRaman fiber laser utilizing fiber Bragg grating and
Raman amplifier is capable of generated 7 Brillouin Stokes signals at 1480 nm, 1510 nm and 1530 nm.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Recently, multi-wavelength fiber laser has attracted consider-
able interests due to their potential applications such as multi-
plexing, optical frequency metrology, optical frequency metrology,
optical signal processing, frequency shifting, dense wavelength
division multiplexing (DWDM) optical communication and data
transmission amplification [1]. Desires for multi-wavelength sour-
ces consist of stable multi-wavelength peak power, low threshold
power, high signal-to-noise ratio (OSNR), and flattening [2]. The
ch Centre, University of West
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biggest attention of multi-wavelength fiber laser is the stimulated
Brillouin scattering (SBS) that has emerged to produce Brillouin
fiber laser (BFL) and its applications. The BFL is created by sources
that are equipped for creating narrow linewidth Brillouin laser. A
few configurations have been utilized as a part of the BFL to pro-
duce multi-wavelength operation as reported in Ref. [3].

Alternatively, the multi-wavelength Brillouin-Raman fiber la-
sers (MWBRFLs) is another approach to produce multiwavelength
whereby Raman amplifier is used to increase the number of Bril-
louin Stokes (BS) signals. The MWBRFLs has remarkable advantages
such as room-temperature stable operation at room temperature,
extremely broad band operational region relative to the availability
of Raman pumps lasers at the corresponding wavelength and
simplicity [4]. Raman gain uses the principle of Raman scattering to
amplify optical signals.

Another approach to the generation of multi-wavelength fiber
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laser is the integration of Raman gain, due to spontaneous Raman
scattering, and Brillouin gain due to SBS in single resonator. The
main advantage of Raman amplification is they can work in any
wavelength band. Although, the (SBS) and stimulated Raman
scattering (SRS) can be interfering in coherent optical communi-
cation systems they do serve many useful applications [5].

There are several different methods proposed for generation of
the MWBRFLs as reported in Refs. [6,7]. In these papers, they are
demonstrated of the MWBRFL utilizes the reverse S-shaped laser
cavity technique. Raman pump (RP) is set at 1480 nmwavelength to
provide Raman amplification in the dispersion compensating fiber
(DCF) to amplify the BP signal. The structure generates 35 outputs
BS signals with average channel peak power of 1.11mWat BP signal
power and wavelength of 6.3 mWat 1580 nm respectively, with RP
power of 891.25 mW in the L-band wavelength region. They ach-
ieved a tuning range of 25 nm, from 1570 nm to 1595 nm of BP
wavelength. However, all the above mentioned papers only focus
on a multi-wavelength BS signals that operated at C-band and L-
band wavelength region. Furthermore, the reverse-S-shaped fiber
section has higher insertion loss. The S-band MWBRFLs with
20 GHz signals spacing has been demonstrated [8]. For this laser
system, tuning range between 1490 nm and 1530 nm is designed
with a 7.7 km long dispersion compensating fiber (DCF) in the
simple ring cavity. Meanwhile, the S-band MWBRFLs distributed
Bragg reflector fiber laser has been experimentally demonstrated in
Ref. [9]. The Brillouin Stokes (BS) signals is achieved with two
Raman pump (RP) at wavelength of 1420 nm and fiber Bragg
grating (FBG) is used as a reflector. However, these two laser
configuration focused on linear cavity and only 6 BS signals is
produced.

In communication system, C-band and L-band region has been
introduced to provide higher demanding of quick data transmission
communication using wavelength to range of 1530 nme1565 nm
[10] and 1565 nme1625 nm, respectively. However, due to enor-
mous demanding on transmitting the information in fastest mode,
it is require expanding the communication windows into S-band
wavelength region (1460 nme1530 nm). The S-band wavelength
region also known as short wavelength has comparable attenuation
characteristics in standard single mode fiber (SMF) than C-band
(1530 nme1565 nm) and L-band (1565 nme1625 nm) wavelength
region [11]. Moreover, sensitivity to micro-and macrobending los-
ses in the S-band is much lower compared with C-band and L-band
region [12]. Furthermore, S-band has lower dispersion in silica fiber
compared in the L-band wavelength [13].

In this paper, the general configuration of the MWBRFLs utiliz-
ing FBG and Raman amplifier are simulated. We proposed addi-
tional enhancement in the previously reported configuration of a
reverse-S-shaped fiber section. The reflecting FBG has the ability
to functions in the similar technique as does the reverse-S-shaped
fiber section but with higher insertion loss [6,7]. However, the
proposed configuration is focus on operating in S-band wavelength
region. The MWBRFL utilizing FBG has the ability to generate
maximum 7 BS signal. This paper is devoted to investigate the
performance of the MWBRFL utilizing Brillouin and Raman gain
prior to produce BS signals in SMF. The most BS signals is generated
at 14 dBm of Raman pump (RP) power and average peak power is
produced around 35 dBm to 45 dBm. In addition, theMWBRFL has a
good ability to operate in a stable condition at room temperature
[4]. At room temperature, the MWBRFL has the competency to
operate with abstaining from the adverse influence of self lasing
cavity mode [14].

2. Configuration

The simulation layout and illustration of S-band multi-
wavelength BRFL utilizing fiber FBG in a simple ring configuration
is shown Fig. 1, respectively. It consists of single mode fiber (SMF),
Raman fiber, optical circulator (Cir), optical pump coupler, optical
bidirectional coupler, optical spectrum analyzer (OSA), and external
tunable laser source (TLS), FBG and bidirectional Raman amplifier-
average power model. SMF is act as Brillouin-Raman gain media.
SMF has attenuation of 25 dB and a dispersion value of 16.75 ps/
nm/km. The BP signal with a linewidth of approximately 200 kHz is
provided by utilizing an external TLS. The narrow linewidth of BP
signal amplified by bidirectional Raman amplifier is used in order
to create stimulated Brillouin Scattering (SBS) effect and the sub-
sequent to produce narrow linewidth multiple wavelengths lasing
signals. The TLS from a 1460 nme1530 nm operating wavelength
with a maximum output power of 20 dBm is used as a BP signal and
Brillouin gain. An optical circulator is used to allow the optical
signal to propagate in the anticlockwise direction and circulate in a
clockwise direction. A bidirectional optical coupler with different
coupling ratios provides as output medium is connected to an op-
tical spectrum analyzer (OSA) that is used for extracted the results
and monitored by an OSA with 0.015 nm of bandwidth resolution.
An optical pump coupler is used to combine the BP signal and pump
signal. A FBG with 90% reflectivity is used to reflect the signals with
high efficiency and to produce lower loss. Meanwhile, bidirectional
Raman amplifier-average power model with wavelength fixed at
1425 nm is used to provide Raman signal and Raman amplification.
The bidirectional Raman amplifier average power model is
assembled with 10 km length of fiber with attenuation of 0.2 dBm/
km and effective interaction area of 72 mm2. The Raman amplifi-
cation happens in the SMF, which is used to amplify the injected BP
signal and used Raman scattering principle to amplify the BP signal.
Raman signal have wavelength stability of ±100 MHz/h, linewidth
of <2 nm and output power stability of <1%. Moreover, the Raman
gain spectrum has a bandwidth of approximately 6 THz.

To generate the output signal from the MWBRFL, the BP signal
form TLS and Raman signal from Raman pump (RP) are injected to
the optical coupler. The combined signal is then propagated to port-
1 through port-2 of optical circulator. It is travel in anti-clockwise
direction and directed to the FBG. FBG allows certain amount of
signals to propagate back in clockwise direction from reflection
process. Moreover, the BP signal is propagated into the bidirectional
Raman amplifier-average power model and SMF. The bidirectional
Raman-amplifier-average power model has a function that is used
to provide Raman gain and amplify the signals after being reflected
by the FBG. Afterwards, BP signal are amplified by Raman gain and
Raman amplification also occurs in the SMF. As the BP signal pass
through SMF, first-order BS signal and anti-Stokes signal that has
been generated from spontaneous scattering and amplified
through Raman amplifier-average power model [15]. Interaction
between the BP signal and acoustic waves in SMF causes SBS effect.
This condition leads to generate the backward propagation fre-
quency shifted light that namely as BS signal. This BS signal is down
shifted in frequency due to Doppler shift associated with grating
moving at acoustic velocity [16]. The first-order BS signal is
downshifted at ~0.08 nm which is opposite direction from the BP
signal and propagated to the optical coupler for observation. The
SBS effects in a SMF allow to produce the multi-wavelength gen-
eration with constant spacing at ~0.08 and narrow linewidth at
room temperature [17]. Meanwhile, anti-Stokes signal are gener-
ated through four wave mixing (FWM) between co-propagating
pump and BS signal as depicted in Fig. 2. The first-order BS signal
is created when acquires SBS threshold condition. The SBS
threshold condition can be define as the input pump power at
which the back scattered power begins to increase rapidly the
pump wave initiates to be depleted [18]. Then, first-order BS signal
grows to reach threshold condition, it act as a new BP signal for



Fig. 1. Illustration of the S-Band MWBRFL utilizing FBG and Raman amplifier.
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second BS signal and back scattered. When the second BS signal
grows and reach threshold condition, it act as new third BP signal
and back scattered. The second-order of BS signal has be generated
similar condition when fist-order BS signal is propagated back into
the FBG and SMF. Same process repeated to generation higher or-
ders BS signal until the Raman and Brillouin gain is not sufficient to
compensate the cavity loss [19]. At every stage, BP signal and BS
signal are amplified by Raman gain and reflected by FBG. The
behaviour of the MWBRFL signals is observed throughout the
simulation output. At 10 km of the SMF lengths, five different
output coupling ratios of 50%, 60%, 70%, 80% and 90% are simulated
for the optimization. Furthermore, the outputs at each output
coupling ratio are observed by optical spectrum analyzer (OSA). An
average power of Raman amplifier model is employed to minimize
the simulation time prior to solve its differential equations [20].
Fig. 3 indicates the list of parameters of Raman amplifier-average
power model that is used in simulation.

Theoretically, SBS and SRS effect should be calculated by solving
the couple wave equation for the signal IS, Raman pump signal IR
and Stokes wave IS intensities as in equations (1) and (2) [21].
Fig. 2. Output spectra of the MWBRFL at 1480 nm of BP wavelength, RP power at
14 dBm and 60% output coupling ratio.
dIs
dz

¼ �gBIIsþ asIs$gRIsIR (1)

and

dI
dz

¼ �gBIIsþ aIs � gRIIR (2)

where gB, gR, are gain coefficients of Brillouin and Raman, respec-
tively. as and a are fiber loss coefficients for the Stokeswave and the
signal, respectively. Reflected Brillouin Stokes wave propagates in
the opposite direction of the signal wave from z¼ L to z¼ 0 (L is the
fiber length) [21].

Meanwhile, the Raman gain, GR of fiber length L is obtained as
per equation in (3). It depends on the pump intensity, the effective
Raman gain coefficient and the polarization state [21].

GR ¼ 4:34
�
gRLeff

Po
K

� asL
�

(3)

where, K is polarization factor, L eff is effective length, Pinp ¼ Po is
input power, as is fiber loss at frequency usand gRis Raman gain
coefficient in a fiber (W�1m�1). Practically, Raman gain coefficient
depends on the composition of the fiber core.

In this work, Raman gain is used in conjunctionwith SBS, Raman
Scattering process and FBG reflectivity to expedite the BS process.
The SBS and Raman scattering is a nonlinear phenomenon are
related to the interaction between photons and phonons. Raman
scattering arises due to interaction of light with the vibrational
Fig. 3. List of parameter for Raman amplifier-average power model from Optisystem
software.
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modes of the molecules in a medium. In other words, Raman
scattering can be described as light scattering from optical pho-
nons. Brillouin scattering is the scattering of light from refractive
index variation caused by sound waves attributed to propagating
pressure (and thus density) waves. Scattering of light from acoustic
phonons can also be considered as Brillouin scattering. The SMF
that is used to generate of Brillouin gain also be utilized to generate
the Raman gain. When a BP signal is lunched into an SMF, Raman
scattering, normally referred to as spontaneous Raman Scattering
occupy, it leads to Stimulated Raman Scattering. At this condition.
The BP signal and BS signal wavelength are coherently coupled by
the SBS and Raman Scattering process, respectively. Raman Scat-
tering process is caused by interaction of light with vibrational
modes of molecules of lattice vibrations of crystals [22]. Raman
Scattering is an inelastic process that occurs when a pump photon,
excites a molecule up to a virtual level (intermediate state). A
molecule finally drops to a lower energy level and emitting a signal
photon as depicted in Fig. 4. There are two types of Raman Scat-
tering which is Spontaneous and Stimulated. Raman scattering is a
third-order nonlinear process.

In practically, spontaneous Raman scattering can be observed in
any material. Spontaneous Raman scattering occurs if the intensity
of the incident field is below a threshold level [24]. In this condition
photon are scattered into random direction. In this situation, a
signal photon reduced energy, created spontaneously when a
pump photon of energy is lift to a virtual energy level [23]. The
absorption process will be continued and permitting multi-photon
Raman scattering occur in the final state. Multi-photon transitions
happen in stimulated Raman-scattering (SRS) process. SRS only
occur when the pump power exceeds a certain threshold level. The
process of Raman scattering in the SMF is illustrated in Fig. 4. This
effect is due to a transition of incident photon energy by a molecule
from ground energy level (E1) to the virtual energy level (E3), from
which it immediately returns to a final energy level (E2) or mo-
lecular vibration level emitting a photon with different energy. The
molecular vibration level is a vibration mode of the material. The
energy difference between the ground energy level (E1) and the
final level (E2) of the molecule is changed to a phonon which is a
vibration mode of the material. An optical phonon of energy (E2-
E1) is left behind. The phonon frequency is given as v ¼ (E2-E1)/
h, where h is the Planck’s constant. In this work, the frequency of
the BP signal and BS signal are donated by vp and vs, respectively.
The molecule at the vibration state is stimulated by the signal, thus
emitting a photon of the similar frequency and direction as the
incoming signal. At this condition, Raman amplification is allowed
to carry out its role in the SMF and used to increases the number BS
signals in the MWBRFL.
Fig. 4. Schematic energy diagram of Stimulated Raman Scattering in the SMF fiber
[23].
3. Results and discussion

In order to compare the number of BS signals characteristic of
the RP power and output coupling ratio, the graph in Fig. 5 is
plotted. The number of BS signals are continuously increase with
the increasing of RP power and output coupling ratio. In these
cases, output coupling ratio is varied from 50% to 90% and RP power
is varied from 6 dBm to 14 dBm. Meanwhile, BP power and wave-
length are at 20 dBm and 1480 nm, respectively. From the plotted
graphs in Fig. 5, at RP power of 14 dBm, 90% output coupling ratio
and 1480 nm of BP wavelength, respectively are identified as the
optimum parameters which is capable to produce the maximum BS
number. At optimum RP power of 14 dBm, it is found that the
MWBRFL is capable to enhance 7 BS signals at 70%, 80% and 90%
output coupling ratio, which is attributed to the higher Raman gain
[25]. At this condition, energy of the RP is sufficient to drive up the
Brillouin component, hence 7 BS signals are generated optimum RP
power. Moreover, when output coupling is diverse from 50% to 90%,
the MWBRFL is experience the increases of the energy inside the
cavity [26]. Consequently, at 50% output coupling ratio, number BS
signals produced is lower compared to the number BS signals
produced at 70%, 80% and 90% output coupling ratio. At 50% output
coupling ratio, only 2, 3, 4 and 6 BS signals are obtained with RP
power of 6 dBm, 10 dBm, 12 dBm and 14 dBm, respectively. When
the MWBRFL is extended further to the increment of the RP power,
the combined effect of SBS, SRS and energy inside the cavity gets
stronger as more number of photons become available to be
exploited. However, further extending the output coupling ratio
from 50% to 90% requires higher RPP to overcome the cavity loss. At
lower RP power of 6 dBm, 2, 3, 4, 5 and 4 BS signals are produced at
output coupling ratio of 50%, 60%, 70%, 80% and 90%, respectively.
Further clarification of the generated MWBRFL spectra of 1480 nm
of BP wavelength, RP power at 14 dBm and 60% output coupling
ratio are shown in Fig. 2. The output optical spectra profile presence
the combination of the BP signal and anti-Stokes signal that
generated from stimulated Brillouin scattering and FWM effect,
respectively. Basically, Brillouin and Raman scattering are cooper-
ated together in the MWBRFL. In the scattering process, the fre-
quency of incident light to be shifted to a lower value, this
components are identified as BS signal. Meanwhile, the compo-
nents which are shifted to higher frequencies are identified as anti-
Stokes signal. In the ring cavity MWBRFL, the BP signal and BS
signal is propagating oppositely. Thru this process, it stimulated the
degenerate and non-degenerate FWM processes [27]. The wave-
length signal spacing between the BS signal and BP signal is found
to be ~0.08 nm, comparable to frequency spacing of ~10 GHz and
narrow linewidth feature. With very narrow linewidth of MWBRFL,
Fig. 5. Coupling ratio versus number BS signals at different RP power.
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that made it of interest in several applications especially for optical
communication. Fig. 2 shows that the first-order BS signal occurred
as BP power exceed the SBS threshold. At this condition, maximum
of the BP power is transferred to the first-order BS signal. It is worth
to be highlight that the MWBRFL spectra shows the peak power of
the first-order BS signal and anti-stokes signal is much lower than
the second-order BS signal and anti-Stokes signal, respectively [28].
This is because the weak BP signal is then mixed with the second-
order BS signal and anti-Stokes signal, thus produced a lower first-
order BS signal and anti-Stokes signal as reported in Ref. [27].

Optical losses in the optical fiber can be relates to absorption,
Raman scattering and Brillouin scattering. This losses is effected the
performance and degraded the output signal significantly. Raman
scattering and Brillouin scattering can lead to produce high losses
by the transfer of energy from awavelength to another wavelength
at high pump power [31]. In SMF, basically there are two dissimilar
physical mechanisms to clarify the interference process between
the laser light (BP signal) and Stokes wave which leads to acoustic
wave generation. These mechanisms are electrostriction and opti-
cal absorption. The electrostriction mechanism is the propensity of
materials to become denser when very high power of laser light is
injected inside the gain medium. Meanwhile, the scattering of light
from sound waves where it is approach by modify of optical energy
Fig. 6. Average output power against BP wavelength at 14 dBm of RP power.

Fig. 7. Number BS signals versus RP p
to thermal. This condition is followed by heating and then medium
density variations [16]. This process is known as optical absorption
mechanism. As illustrated in Fig. 4, the multiple BS signals are
produced by scattering of light from sound waves which has been
stimulated by the interference of the BP signal and Stokes fields
through the process of electrostriction [16,29]. At the same time, BP
signals are amplified by Raman gain. In generally, absorption of
light causes thermalization of the optical energy that contributes to
high temperature and density variation inside the SMF [16]. Typi-
cally, this situation occurs when the absorption coefficient in SMF is
very high [30,31] When the value of RP powers are increases as
presented in Fig. 5, the BS signals acquire different gains values
through the SRS and SBS process. Furthermore, at high RP power,
the absorption of light caused thermalization of the optical energy
leading to generate high temperature and medium density varia-
tion [16].

To obtain the average output power of the MWBRFL, the BP
wavelength is varied within 1560 nme1530 nm with different
output coupling ratio of 50%, 60%, 70% 80% and 90% as plotted in
Fig. 6. Meanwhile, RP power and BP power is fixed at 14 dBm and
20 dBm, respectively. Obviously, the average output power for BP
wavelength is increases with the increment of the output coupling
ratio. The increment of average output power is inline with the
increment of output coupling ratio from 10% to 90%. At optimum
output coupling ratio of 90%, average output powerwhich is around
43 dBm over 20 nm bandwidth are generated with best flatness.
The average output power variations is found to be within
±0.5 dBm at 90% of output coupling ratio. Thus, flatness of the
average output power across S-band wavelength region is obtained
at 90% of output coupling ratio. This excellent flatness and stability
partly owes of the optimum energy inside the ring cavity. Mean-
while, average output power around 35.5 dBm, 35.1 dBm, 39.2 dBm
and 41.0 dBm are produced at 50%, 60%, 70% and 80% output
coupling ratio, respectively. Above the optimum output coupling
ratio, the average output coupling ratio will be decreased and the
cavity loss is also increased as reported in Ref. [32].

Fig. 7 shows the value of number of BS signals at different RP
power and BP wavelength. This graph illustrated that as the Raman
pump power increase, the number of BS signals also increased. The
red-colour line across the graph shows the average number of BS
signals that produced at each value of RP power. At RP power of
14 dBm, it shows that the MWBRFLs system has the ability to
produce average 7 BS signals within 1460 nme1530 nm. The
ower at different BP wavelength.



Fig. 8. Number of BS signals versus BP wavelength at different output coupling ratio.
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interaction between gain medium, BP signals and RP power led to
increment of Raman gain that has a direct impact on the quality of
BS signals in terms of number BS signals within S-band wavelength
region. Moreover, Raman gain is broadened around
1480 nme1530 nm to produced higher number BS signals. At
2 dBm, 6 dBm,10 dBm,12 dBm and 14 dBm of RP power, average BS
signals around 5 and 6 are produced.

Finally, in order to further analyze the output coupling ratio
effect on S-band wavelength region, the graph of the number of BS
signals versus BP wavelength is plotted in Fig. 8. From the graph,
higher number of BS signals are obtained at 70%, 80% and 90%
output coupling ratio. Meanwhile, higher number of BS signals are
generated at BP wavelength of 1480 nm, 1510 nm and 1530 nm
which is around 6 and 7, respectively. At 1480 nm, 6 BS signals are
generated at 50% and 60% output coupling ratio and 7 BS signals are
generated at 70%, 80% and 90% output coupling ratio. At 1450 nm, 7
BS signals are generated at 70%, 80% and 90%. Meanwhile at
1530 nm, 7 BS signals are generated at 50%, 70% and 80% output
coupling ratio. This condition is caused by energy inside ring cavity
and gain broadening as discussed previously.
4. Conclusion

We successfully simulated and demonstrated, the MWBRFL
utilizing FBG and Raman amplifier that operated in S-band wave-
length region. The MWBRFL configuration consists of SMF that act
as gain medium for SBS and SRS effect which is optimized by
changing the output coupling ratios, RP power and tuning BP
wavelength across S-band wavelength region. The Brillouin and
Raman gain performance of BS signals in terms of BP wavelength,
output coupling ratio and average output power are analyzed. With
lower cavity loss, the reflecting FBG is utilized in the MWBRFL that
to operate in the similar technique as does the reverse-S-shaped
fiber section. Based on the results, the best input parameter to
produce stable output BS signal is obtained at RP power of 14 dBm
and BP power of 20 dBm. The MWBRFL is capable of generated 6
and 7 BS signals within wavelengths between 1480 nm and
1530 nm at 90% output coupling ratio. Meanwhile, excellent flat-
ness average output power around 43 dBm is obtained at 90%
output coupling ratio. It is significant to highlight that, the
outstanding to enormous demanding on transmitting the infor-
mation in fastest approach, it is necessitate expanding the
communication windows into S-band wavelength region. With
lower sensitivity to micro-and macrobending losses in the S-band
region compared with C-band and L-band region, S-band region is
higher demanding for communication system.
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