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Abstract: The performance of multiwavelength BEFL based on nonlinear fiber loop mirror
(NOLM) optimization has been experimentally investigated. The NOLM is optimized to act
as highly reflective mirror, which results in reducing the threshold power and enhancing the
number of the generated Stokes lines at low EDF pump power as well. This design presents
a low threshold power of 2 mW and generates up to 26 Stokes lines at EDF pump power
of 25 mW.

Index Terms: Erbium-doped fiber, Brillouin fiber laser, stimulated Brillouin scattering, lin-
ear cavity, nonlinear fiber loop mirror.

1. Introduction
The performance of fiber laser source based on the nonlinearity effect such as stimulated
Brillouin scattering (SBS), stimulated Raman scattering (SRS), and four wave mixing (FWM) that
can generate a large number of Stokes lines has been discussed by many reports in the past
[1]–[3]. The reported value of the wavelength spacing between the Stokes lines is around
10 GHz [4]. The SBS threshold power is also low. For instance, an efficient Brillouin fiber ring la-
ser with low threshold power of 3.6 mW has been reported [5]. However, due to the low Brillouin
gain in the single mode fiber (SMF), the number of Stokes lines is low. Therefore, to improve
the Brillouin fiber laser operation efficiency, another gain medium is required. Two gain mediums
were combined successfully in a ring cavity laser by Cowle and Stepanov in 1996 [4]. The combina-
tion of both gain medium in the same laser cavity realizes a Brillouin/Erbium fiber laser (BEFL). In
this design, up to 6 Stokes lines was obtained at EDF pump power of 90 mW. In another ring cavity
BEFL, up to 60 mW and 180 mW of EDF pump power were required for the first and for 24th
Stokes line generation, respectively. Later, many different BEFL designs and different techniques
have been proposed to improve threshold power and number of Stokes lines [6]–[12]. For example,
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the SBS threshold power can be improved by feeding back the generated Stokes lines into the la-
ser cavity by utilizing reverse-S-shaped configuration [6]. More improvement was obtained by re-
placing the reverse-S-shaped fiber with broadband partially reflecting fiber Bragg grating [13].
Recently, 18 Stokes lines were obtained by employing a nonlinear optical loop mirror (NOLM) inte-
grated with nonlinear polarization controller and quarter-wave-plate in ring cavity BEFL.

The linear cavity is another configuration, which was proposed to improve the performance of
BEFL [14]. The linear cavity can be formed by utilizing two high reflective physical mirrors,
which are fixed at both ends of the cavity. The physical mirror is an optical component and
come in different form; circulator, high reflective mirror and 3-dB coupler [15]–[17]. Later, differ-
ent techniques have been proposed to improve the linear cavity BEFL performance such as
pre-amplified Brillouin pump (BP) power techniques [18]. In those designs, the BP power is am-
plified before being launched into the optical fiber, which resulted in the reduction of threshold
power [7]–[12]. By utilizing this technique, up to 26 Stokes lines including BP wavelength were
generated at EDF pump power of 90 mW and BP power of 3 dBm [19]. In the existing configura-
tions of linear BEFL [6]–[12], besides the requirement of two physical mirrors, an additional cou-
pler is needed for inserting the BP power into the laser cavity.

In general, the previous linear cavities BEFL require a high threshold power for the first and
the subsequence Stokes lines. In other words, the generation of a large number of Stokes lines
requires a high EDF pump power. This is due to the utilization of many optical components that
drains most of the laser power. Therefore, the main challenge in designing an efficient BEFL
configuration is to assure that the laser is able to generate a large number of Stokes lines with
low EDF pump power. In this study, nonlinear fiber loop mirror (NOLM) was used as a high re-
flective physical mirror, as well as a coupler. As a result, the required optical components and
EDF pump power are reduced.

In this paper, the experimental characterization results of linear cavity BEFL with NOLM are
reported, which focuses on the threshold power, number of Stokes lines, and total output power
of the generated Stokes lines. At the optimum condition, NOLM acts as a high reflective mirror.
With EDF pump power of 25 mW, 26 Stokes lines were generated. More interestingly, this de-
sign has threshold power of as low as 2 mW.

2. Experimental Setup of BEFL With NOLM
The experimental setup of multiwavelength BEFL with NOLM is depicted in Fig. 1. The BEFL
cavity structure is developed based on the double pass EDF structure that is connected to an
NOLM. A circulator (C1) is used to provide the laser input and output ports. The double pass
EDF structure consists of circulator (C2), wavelength selective coupler (WSC), 1480 nm pump
power, and 10 m long EDF with absorption coefficient of 5.6 dB/m at 1531 nm.

Fig. 1. Experimental setup of BEFL with NOLM.
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The WSC is used to combine 1480 nm pump power and the oscillating signals. In this setup,
C2 acts as a physical mirror. An external cavity tunable laser source (TLS) is used as the BP
with maximum power of 4 mW and 200 kHz line width. The TLS can be tuned over a tuning
range of 100 nm (1520 nm–1620 nm). An optical spectrum analyzer [20] with 0.01 nm resolution
bandwidth is connected to port 3 of C1 to monitor the BEFL output spectrum.

3. Operation Principle of BEFL
The operation principle of the multiwavelength BEFL with NOLM can be described as follows:
with the absence of the BP signal, the linear cavity works as a bidirectional EDFL. It experiences
self lasing at the EDF peak gain wavelength. The linear cavity operates as BEFL when the BP
signal was inserted into the laser cavity through port 1 of C1. Then, the BP signal was split into
two parts by the NOLM. After that, each part of the BP signal enters the standard single mode fi-
ber (SSMF). In this case, a narrow bandwidth gain is created inside the SSMF at a wavelength
that is shifted from the incident BP wavelength. A large number of Stokes lines can be generated
when the BP wavelength is tuned to be within or near the EDF peak gain region [21]. Both sig-
nals propagate inside the NOLM fiber loop and couple at the coupler. Small power of the inserted
BP signal is transmitted into the double pass EDF scheme, where the BP signal is amplified
twice, through port 1 of NOLM. Then, the amplified BP signal is reinjected into the NOLM. As
EDF pump power increases, the circulated BP signal gains more power from EDF. The first
Stokes line is appeared when the circulated BP signal has enough power to overcome the SBS
threshold level. The first Brillouin Stokes line propagates in the opposite direction to the injected
BP signal as illustrated in Fig. 1 (dash arrows in NOLM dash box) and down-shifted from BP
wavelength by a value equal to VB ¼ 2n va=�p, where n is the refractive index of the SSMF, va is
the acoustic velocity, and �p is the BP wavelength. When the first Stokes line power reaches
SBS threshold level, it serves as BP signal to generate the second-order Stokes line. The gener-
ation of Stokes lines is continued until the power of the higher-order Stokes line becomes too
weak to satisfy the SBS threshold condition. At the steady-state condition, a stable laser can be
produced at port 3 of the C1, which is originated from the reflected BP and the generated Stokes
signals. The requirement of BP power inside the NOLM to produce a new Stokes line can be rep-
resented by [22]
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where cw and ccw represent the clockwise and anti-clockwise Brillouin Stokes lines, respec-
tively. The BP power that required to generate Stokes line inside the SSMF with power of

Pcw=ccw
Sn

is represented by Pcw=ccw
BPn

. Similarly, the Pcw=ccw
Sn

represents the power of the Stokes line

to generate ðnth þ 1Þ Stokes line in clockwise or anti-clockwise direction. The gB and the Aeff rep-
resent the Brillouin gain and effective length of SSMF, respectively.

In this experiment, the NOLM is used to determine the amount of the reflected power into the
laser cavity and the amount of the transmitted power into the output port. At the optimum condi-
tion of the NOLM, in which most of the laser power is reflected, the BEFL performance in terms
of SBS threshold power and the required EDF pump power to generate a large number of
Stokes lines is improved. In comparison to the previously reported works [13], [23]–[25], the
threshold power that is obtained from our experiment is lower.

4. Nonlinear Fiber Loop Mirror (NOLM) Characterization
The first NOLM configuration was proposed in 1988 by Doran and Wood [26]. Fig. 2 shows the
basic NOLM configuration, which made up of a segment of an optical fiber and a coupler. The
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coupler has two output ports with coupling ratio of (k) and (1-k). The NOLM is formed by con-
necting the output ports of the coupler with the fiber segment. This coupler splits the incident
light into two counter propagating signals.

When the two signals propagate inside the fiber loop mirror, they accumulated phase shift.
Then, they interfere again at the coupler, which is a variable optical coupler (VOC) in this exper-
iment. Since the two signals propagate across the same optical fiber length with different pow-
ers, the phase shift, �, of the two propagated signals can be expressed as [26]

�1 ¼PinLk
2�n2
�Aeff

(3)

�2 ¼PinLð1� kÞ ð2�n2Þ
�Aeff

(4)

where Pin is the input power, L is the loop length, n2 is the refractive index coefficient, � is the
operating wavelength, and Aeff is the fiber effective area. The phase shift difference between
the two counter-propagation signals during a round trip can be expressed as [26]

�� ¼ �1 � �2 ¼ PinLð1� 2kÞ 2�n2
�Aeff

: (5)

In general, the derived expression of the reflected and transmitted power of the NOLM can be
expressed as [26]

Ptrans ¼Pin 1� 2kð1� kÞ 1þ cos ð1� 2kÞ��½ �ð Þð Þ (6)

Prefl ¼Pin 2kð1� kÞ 1þ cos ð1� 2kÞ��½ �ð Þð Þ: (7)

Equations (6) and (7) present the impact of output coupling ratio of the NOLM, k , on the transmit-
ted and reflected power. The NOLM output coupling ratio is represented by the parameter k [26].
This means that the two signals propagate inside the fiber with different intensity, which results
in different phase shift. Thus, a nonlinear phase shift difference will be induced between the two
signals.

The key elements in this characterization are the output coupling ratio of NOLM and SSMF
length, which represents the fiber loop length and connects output ports of the NOLM (P3 and P4).
In other words, the phase shift difference raising between the two signal can be minimized by ad-
justing SSMF, L, and output coupling ratio of the NOLM, k , as expressed in (5). Consequently, the
reflected and transmitted powers of the NOLM can be controlled.

In the experiment, a wavelength of 1550 nm with power of 7 dBm generated from external
tunable laser source was inserted into the port 1 of the NOLM through the input port 1 of the

Fig. 2. Basic structure of NOLM.
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circulator 2 (C2). The transmitted and reflected powers of the NOLM were measured by utilizing
two optical power meters (OPMs) connected to port 3 of C1 and C2, respectively. In this charac-
terization, different SSMF lengths were used; 300 m, 600 m, 900 m, 3 km, and 5 km. For each
SSMF length, the transmitted and reflected powers of NOLM were recorded for output coupling
ratio varying from 0% to 90%. Figs. 3 and 4 show the transmitted and reflected powers against
output coupling ratio for different lengths of SSMF.

It can clearly be noticed that around output coupling ratio of 40%, the transmitted power de-
creases as the SSMF length is extended. In contrast, the reflected power is increased. This is
due to the fact that the transmitted and reflected powers of the NOLM are originally based on
phase difference between the counter propagating signals. This difference is due to the self-
phase modulation (SPM) [26].

It is also can be clearly seen from Fig. 3 that the highest reflected power from NOLM can be
obtained around output coupling ratio of 40% and SSMF length of 3 km. At 40% coupling ratio,
the input signal is divided into two parts with approximately equal powers. Theoretically, in
NOLM with 50% splitting ratio and neglecting the birefringence of the optical fiber in the loop,
the two signals experience the same phase shift. Consequently, no signal transmitted to the out-
put port of NOLM and all input signal reflected to the input. However, in practice case, due to
the difficulties of having exactly 50% splitting ratio, a small power signal was transmitted into
the output port of NOLM as shown in Fig. 4. In previous studies [15], [27]–[31], due to random
birefringence of the optical fiber, which affects the phase shift of the propagated signal, a polari-
zation controller [32], linear gain medium, quarter wave plate and attenuator were installed in-
side the NOLM to act as intensity equalizer, which results in minimize the phase shift difference

Fig. 3. Effect of output coupling ratio and loop length of NOLM on the reflected power of NOLM; the
input power is 7 dBm.

Fig. 4. Effect of output coupling ratio and fiber loop length of NOLM on the transmitted power of
NOLM; the input power is 7 dBm.
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between the two propagated signals inside the NOLM. Consequently, NOLM with high reflectiv-
ity can be obtained. However, in this experiment, the output coupling ratio of the NOLM is ad-
justed to ensure that the input signal power is split equally into two parts. The fiber loop length
of the NOLM is also adjusted to compensate the phase shift difference raising between the two
signals. As a result, the need of installation of PC is removed. In general, the NOLM can be con-
verted from high transmission to high reflection device by adjusting its design parameters such
as output coupling ratio and fiber loop length.

Based on the previous NOLM characterization, the SSMF length of 3 km and coupling ratio of
40% make the NOLM to act as a high reflective mirror. Fig. 5 shows the transmitted and re-
flected powers of the NOLM with output coupling ratio 40% and SSMF length of 3 km as a func-
tion of input power. The input power of the signal is varied from 1.26 mW to 20 mW. The
transmitted and reflected powers are measured at port 3 of C1 and C2, respectively. Fig. 5
shows that with output coupling ratio of 40%, as the input power increases, the transmitted and
reflected powers of the NOLM increases. The reflected power increased from 0.74 mW to higher
than 12.4 mW whereas the transmitted power increased from 0.04 mW to 0.5 mW as the input
signal power increased from 1 mW to 20 mW. The loss of the power input is due to the passive
losses of the NOLM, including loss of the VOC, loss of the circulator, and losses of fiber attenu-
ation and fiber splices.

More recent studies have exploited the effect of NOLM as an effective component to improve
the BEFL performance [15], [30]. In this study, the NOLM is used to reduce the SBS threshold
power and the requirement of high EDF pump power.

5. Results and Discussion
In this work, the effect of fiber loop length of the NOLM on threshold power reduction is investi-
gated as shown in Fig. 6. In this investigation, the BP power is varied from 0.69 mW to 4 mW
and the output coupling ratio of the NOLM is fixed at 40%. It is clearly witnessed that as the op-
tical fiber length is extended, the nonlinearity of the optical fiber is improved, which in turn re-
duce the SBS threshold to initialize the Brillouin scattering.

It is also noted that the threshold power that is required to generate the first Stokes line in the
SSMF varied from 300 m to 900 m is higher for higher BP power. This is due to the fact that the
inserted BP power into short SSMF determines the starting value of the Brillouin gain. Hence, it
determines the threshold power of the first Stokes line [22]. In contrast, as SSMF is extended to
beyond 900 m, the threshold power is inversely proportional to the BP power. This is due to fact
that a small power from the BP power is transferred to the generated Stokes line. The trans-
ferred power is increased as the BP power increases, which results in reducing the SBS thresh-
old. A low threshold power of 2 mW can be achieved by utilizing 3 km SSMF. However, due to

Fig. 5. The reflected and the transmitted powers of NOLM with output coupling ratio of 40% and
3 km SSMF against input signal power.
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the increase in the cavity loss, the BEFL threshold power is increased. This finding shows the
effectiveness of the NOLM optimization in reducing SBS threshold.

Fig. 7 shows the effect of EDF pump power on the number of Stokes lines for different fiber
loop lengths of the NOLM. For efficient BEFL performance, the BP power and wavelength must
be optimized [4]. It is well known that the Brillouin gain of short SSMF is low; thus, strong BP
power must be inserted into the BEFL cavity to improve the number of Stokes line and to elimi-
nate the self lasing, particularly at high EDF pump power. From our observation, a high BP
power of 4 mW is required for long SSMF varying from 300 m to 900 m. In contrast, a low EDF
pump power of 0.87 mW is needed for SSMF longer than 900 m. The BP wavelength is also op-
timized for each fiber loop length to generate the maximum number of Stokes lines. In this in-
vestigation, the BP wavelength is fixed within EDF Peak gain of each SSMF length.

It is clearly shown that the requirement of high EDF pump power of 70 mW is reduced to
25 mW as the fiber loop length is extended from 300 m to 3 km. This is because the Brillouin
gain as well as the reflected power increased as the SSMF length is extended to 3 km. Conse-
quently, the amount of EDP pump and BP powers required to generate stable and large number
of Stokes lines are increased. The markers (e, d, c, b, a) in Fig. 7 indicate to maximum number
of Stokes that can be obtained by varying SSMF length from 300 m to 5 km. This result presents
the effect of fiber loop length of the NOLM on the number of Stokes lines and the required EDF
pump to generate stable Stokes lines. Up to 26 Stokes lines is obtained at EDF pump power of
25 mW, BP power of 0.89 mW and SSMF length of 3 km, which represents the highest number
of Stokes line that can be achieved from this design. Fig. 8 presents the output spectrum of gen-
erated Stokes lines that can be obtained from this design with different SSMF lengths. The first

Fig. 6. BEFL threshold power against BP power for different SSMF lengths.

Fig. 7. The Stokes lines number against EDF pump power for different SSMF lengths.
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line represents the BP signal, which has the higher peak power than the other Brillouin Stokes
lines. This is attributed to the reflection and transmission features of the NOLM, as was clearly
explained in the previous section.

Another important characteristic of multiwavelength BEFL is the total output power of BEFL.
In this investigation, the OSA is used to monitor the BEFL output spectrum and measure the to-
tal output power of the generated Stokes lines. Fig. 9 depicts the total output power of the gener-
ated Stokes lines as a function of EDF pump power for different SSMF lengths; 300 m, 600 m,
900 m, 3 km, and 5 km. In this investigation, the BP power is fixed at 4 mW, while the EDF
pump power is changed from 5 mW to 70 mW.

Although the BEFL with SSMF length of 300 m generates the least number of Stokes lines,
as shown in Fig. 7, the highest BEFL output power is obtained at this short fiber length as com-
pared with the other SSMF lengths. This is due to the fact that the SSMF length extension plays

Fig. 8. Number of Stokes lines obtained from BEFL with different lengths of SSMF. (a) 300 m.
(b) 600 m. (c) 900 m. (d) 3 km. (e) 5 km. (f) 7 km. (g) 10 km.

Fig. 9. The total output power of the generated Stokes lines against EDF pump power for different
SSMF lengths.
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a very important role on the phase shift difference reduction between the two signals, which re-
sults in decreasing the transmitted power of the NOLM [26].

It also is noted that the subsequence Stokes lines generation does not influence the reflectiv-
ity of the NOLM. This due to the fact that the Stokes line generation is basically generated from
the incident BP signal and the wavelength spacings between the adjacent Stokes lines are
nearly uniform and equal to VB ¼ 2n va=�p. Therefore, the phase shift difference between the
nth-order clockwise (CW) and counter-clockwise (CCW) Stokes lines is equal to the phase shift
difference between the original BP signals. Since the NOLM is characterized to avoid the imbal-
ance power between the counter-propagating signals, the phase shift difference is very small.
This also explains why the additional generations of Stokes lines with balance powers do not af-
fect the interference condition.

In general, the total output power of the generated Stokes lines is decreased in tandem with fiber
loop length of the NOLM and increased with the increasing of EDF pump power. At EDF pump
power of 70 mW, the total output power is decreased from 11.6 mW to 1.8 mW as the length of
SSMF is changed from 300 m to 5 km. Generally, in this BEFL configuration, up to 26 Stokes lines
can be achieved with 3 km SSMF length at the expense of less output power of these generated
Stokes signals. This is due to the dependence of the NOLM transmitted and reflected powers on
the SSMF length, which plays an important role on the BEFL output power. Recently, a numerical
study was deployed to study the effect of polarization controller, EDF pump power and quarter-
wave-plate angle on the number of Stokes lines generation [33]. This module could be developed
to expect the number of the generated Stokes lines in a linear cavity BEFL Structure.

5. Conclusion
A simple technique has been demonstrated to improve the BEFL performance in terms of
threshold power and EDF pump power requirement for Stokes lines generation. The used tech-
nique is based on optimizing some design parameters of the NOLM: fiber loop length and output
coupling ratio. It is found that recycling most of the BEFL power into the Brillouin gain results in
SBS threshold reduction and enhance the number of Stokes lines at low EDF pump power. This
finding will be very useful to the fiber laser designer in order to meet the industrial requirement
for an economic and high performance multi wavelength laser source.

References
[1] R. Parvizi et al., “Multi-wavelength Brillouin fiber laser using dual-cavity configuration,” Laser Phys. Lett., vol. 21, no. 1,

pp. 205–209, Jan. 2011.
[2] Y. G. Han, J. H. Lee, S. B. Lee, L. Poti, and A. Bogoni, “Novel multiwavelength erbium-doped fiber and Raman fiber

ring lasers with continuous wavelength spacing tunability at room temperature,” J. Lightw. Technol., vol. 25, no. 8,
pp. 2219–225, Aug. 2007.

[3] A. Al-Alimi et al., “150-channel four wave mixing based multiwavelength Brillouin-erbium doped fiber laser,” IEEE
Photon. J., vol. 5, no. 4, Aug. 2013, Art. ID. 1501010.

[4] G. J. Cowle and D. Y. Stepanov, “Hybrid Brillouin/erbium fiber laser,” Opt. Lett., vol. 21, no. 16, pp. 1250–1252,
Aug. 15, 1996.

[5] P. Zhang, S. Hu, S. Chen, Y. Yang, and C. Zhang, “A high-efficiency Brillouin fiber ring laser,” Chin. Opt. Lett., vol. 7,
no. 6, pp. 495–497, Jun. 2009.

[6] N. M. Samsuri, A. K. Zamzuri, M. H. Al-Mansoori, A. Ahmad, and M. A. Mahdi, “Brillouin-erbium fiber laser with enhanced
feedback coupling using common erbium gain section,” Opt. Exp., vol. 16, no. 21, pp. 16 475–16 480, Oct. 2008.

[7] M. H. Al-Mansoori, M. A. Mahdi, and A. K. Zamzuri, “Tunable multiwavelength Brillouin-erbium fiber laser with intra-
cavity pre-amplified Brillouin pump,” Laser Phys. Lett., vol. 5, no. 2, pp. 139–143, Feb. 2008.

[8] M. N. M. Nasir, Z. Yusoff, M. H. Al-Mansoori, H. A. A. Rashid, and P. K. Choudhury, “Widely tunable multi-wavelength
Brillouin-erbium fiber laser utilizing low SBS threshold photonic crystal fiber,” Opt. Exp., vol. 17, no. 15, pp. 12 829–
12 834, Jul. 2009

[9] S. Shahi, S. W. Harun, N. S. Shahabuddin, M. R. Shirazi, and H. Ahmad, “Multi-wavelength generation using a
bismuth-based EDF and Brillouin effect in a linear cavity configuration,” Opt. Laser Technol., vol. 41, no. 2 pp. 198–
201, Mar. 2009.

[10] M. H. Al-Mansoori and M. A. Mahdi, “Reduction of gain depletion and saturation on a Brillouin-erbium fiber laser uti-
lizing a Brillouin pump preamplification technique,” Appl. Opt., vol. 48, no. 18, pp. 3424–3428, Jun. 2009.

[11] M. H. Al-Mansoori, M. K. Abd-Rahman, F. R. M. Adikan, and M. A. Mahdi, “Widely tunable linear cavity multiwave-
length Brillouin-erbium fiber lasers,” Opt. Exp., vol. 13, no. 9, pp. 3471–3476, May 2005.

Vol. 6, No. 6, December 2014 1502410

IEEE Photonics Journal Optimization to Enhance Multiwavelength BEFL



[12] Z. Abd Rahman et al., “Optimization of Brillouin pump wavelength location on tunable multiwavelength BEFL,” Laser
Phys. Lett., vol. 19, no. 11, pp. 2110–2114, Nov. 2009.

[13] M. I. Johari et al., “Ring cavity multiwavelength Brillouin-erbium fiber laser with a partially reflective fiber Bragg grating,”
J. Opt. Soc. Amer. B, Opt. Phys., vol. 26, no. 9, pp. 1675–1678, Sep. 2009

[14] M. H. Al-Mansoori, B. Bouzid, B. M. Ali, M. K. Abdullah, and M. A. Mahdi, “Multi-wavelength Brillouin-erbium fibre la-
ser in a linear cavity,” Opt. Commun., vol. 242, no. 1–3, pp. 209–214, Nov. 2004.

[15] M. H. Al-Mansoori and M. A. Mahdi, “Broadly tunable L-band multiwavelength BEFL utilizing nonlinear amplified loop
mirror filter,” Opt. Exp., vol. 19, no. 24, pp. 23 981–23 988, Nov. 2011.

[16] M. M. Nasir, Z. Yusoff, M. Al-Mansoori, H. A. Rashid, and P. Choudhury, “Low threshold and efficient multi-wavelength
Brillouin-erbium fiber laser incorporating a fiber Bragg grating filter with intra-cavity pre-amplified Brillouin pump,” Laser
Phys. Lett., vol. 6, no. 1, pp. 54–58, Jan. 2009.

[17] M. H. Al-Mansoori, M. Ajiya, and M. A. Mahdi, “L-band multiwavelength BEFL with amplified fiber loop mirror,” IEEE
Photon. J., vol. 4, no. 2, pp. 483–490, Apr. 2012.

[18] M. H. Al-Mansoori and M. A. Mahdi, “33-channels multiwavelength generation of L-band Brillouin-erbium fiber laser,”
presented at the Eur. Conf. Lasers Electro-Optics/Eur. Quantum Electron. Conf., Munich, Germany, 2009,
Paper CJ_P14.

[19] M. Nasir, Z. Yusoff, M. H. Al-Mansoori, H. A. A. Rashid, and P. K. Choudhury, “Multi-wavelength Brillouin-erbium fi-
ber laser utilizing a fiber Bragg grating filter with intra-cavity pre-amplified Brillouin pump,” in Proc. 6th NCTT/2nd
MCP, 2008, pp. 174–177.

[20] S. Rota-Rodrigo et al., “Multiwavelength fiber ring laser based on optical add-drop multiplexers and a photonic crys-
tal fiber Sagnac interferometer,” Opt. Laser Technol., vol. 48, pp. 72–74, Jun. 2013.

[21] D. Y. Stepanov and G. J. Cowle, “Properties of Brillouin/erbium fiber lasers,” IEEE J. Sel. Topics Quantum Electron.,
vol. 3, no. 4, pp. 1049–1057, Aug. 1997.

[22] D. Stepanov and G. Cowle, “Modelling of multi-line Brillouin/erbium fibre lasers,” Opt. Quantum Electron., vol. 31,
no. 5–7, pp. 481–494, Jul. 1999.

[23] M. N. Mohd Nasir, Z. Yusoff, M. H. Al-Mansoori, H. A. Abdul Rashid, and P. K. Choudhury, “Low threshold and effi-
cient multi-wavelength Brillouin-erbium fiber laser incorporating a fiber Bragg grating filter with intra-cavity pre-amplified
Brillouin pump,” Laser Phys. Lett., vol. 6, no. 1, pp. 54–58, Jan. 2009.

[24] J. Zhao, T. Liao, X. Yang, Z. Tong, and Y. Liu, “A simple tunable multiwavelength Brillouin-erbium fiber ring laser
with low threshold power,” J. Opt., vol. 12, no. 11, Nov. 2010, Art. ID. 115202.

[25] N. A Malini et al., “Investigation on the effect of EDFA location in ring cavity Brillouin-erbium fiber laser,” Opt. Exp.,
vol. 17, no. 14, pp. 11 768–11 775, Jul. 2009.

[26] N. J. Doran and D. Wood, “Nonlinear-optical loop mirror,” Opt. Lett., vol. 13, no. 1, pp. 56–58, Jan. 1, 1988.
[27] X. P. Dong, L. Shenping, K. S. Chiang, M. N. Ng, and B. C. B. Chu, “Multiwavelength erbium-doped fibre laser based

on a high-birefringence fibre loop mirror,” Electron. Lett., vol. 36, no. 19, pp. 1609–1610, Sep. 2000.
[28] L. Y. Wook, J. Jung, and L. Byoungho, “Multiwavelength-switchable SOA-fiber ring laser based on polarization-

maintaining fiber loop mirror and polarization beam splitter,” IEEE Photon. Technol. Lett., vol. 16, no. 1, pp. 54–56,
Jan. 2004.

[29] V. Marembert, “Investigations on ultrafast fiber-based optical gates,” Ph.D. dissertation, Universitätsbibliothek,
Heidelberg, Germany, 2006.

[30] M. H. Al-Mansoori and M. A. Mahdi, “Multiwavelength L-band Brillouin erbium comb fiber laser utilizing nonlinear am-
plifying loop mirror,” J. Lightw. Technol., vol. 27, no. 22, pp. 5038–5044, Nov. 2009.

[31] A. W. O'Neill and R. P. Webb, “All-optical loop mirror switch employing an asymmetric amplifier/attenuator combination,”
Electron. Lett., 26, no. 24, 2008–2009, Nov. 1990. [Online]. Available: http://digital-library.theiet.org/content/journals/
10.1049/el_19901298

[32] P. Reeves-Hall and J. Taylor, “Wavelength tunable CW Raman fibre ring laser operating at 1486-1551 nm,” Electron.
Lett., vol. 37, no. 8, pp. 491–492, Apr. 2001.

[34] Y. Yuan, Y. Yao, M. Yi, B. Guo, and J. Tian, “Multiwavelength fiber laser employing a nonlinear Brillouin optical loop
mirror: Experimental and numerical studies,” Opt. Exp., vol. 22, no. 13, pp. 15 352–15 363, Jun. 30, 2014.

Vol. 6, No. 6, December 2014 1502410

IEEE Photonics Journal Optimization to Enhance Multiwavelength BEFL



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


