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a b s t r a c t

We study a mechanism to attain stable and ultra-flat multiwavelength oscillations in erbium-doped

fiber lasers (EDFLs). The key concept is to introduce intensity-dependent loss (IDL) into the laser cavity,

which can effectively suppress the mode competition in the homogeneously broadened gain medium

and ensure a uniform power distribution over wavelengths via the gain-clamping effect. The technique

was successfully demonstrated by employing a nonlinear optical loop mirror (NOLM) in erbium-doped

fiber laser cavity. Based on the experimental results, further experimental investigation and theoretical

analysis are carried out to show the effectiveness of the gain-clamping mechanism in realizing the

multiwavelength operation of the EDFL.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Multiwavelength erbium-doped fiber lasers (EDFLs) attract
much interest due to their potential applications in fiber sensing,
component testing, optical signal processing, and wavelength-
division-multiplexed (WDM) optical communication systems.
However, erbium-doped fiber (EDF) is a homogeneously broa-
dened gain medium at room temperature. As a result stable
multiwavelength lasing is difficult due to mode competition.
Different approaches have been proposed to realize multiwave-
length oscillations at room temperature in EDFLs [1–26]. These
include the introduction of polarization hole burning (PHB) effect
[1–6], utilization of various nonlinear effects [7–14], and insertion
of a frequency shifter [15–18], a section of multimode fiber
[19,20] or a multimode fiber Bragg grating (FBG) [21] in the laser
cavity. Other methods employing specially designed erbium-
doped fibers [22,23] or cavity structures [24,25] were also
reported. However, either the number of the output wavelengths
is limited or the output spectrum is not flat.

Stable and broadband multiwavelength operation could be
obtained by introduction of inhomogeneous loss in the laser
cavity through intensity-dependent loss (IDL) [26–29]. The IDL
can be induced by a segment of highly nonlinear fiber and a
Fabry–Perot filter as proposed by Pan et al. [26] and Pan and Lou
ll rights reserved.
[27], by a nonlinear optical loop mirror (NOLM) [28], or by
nonlinear polarization rotation effect [29] as proposed by us.
Using this method, we have demonstrated experimentally an
erbium-doped fiber laser with stable and ultra-flat spectrum and
up to 50 lasing wavelengths at wavelength spacing of 0.8 nm [28].
In this paper, further investigations on the working mechanism of
multiwavelength operation of the laser are carried out. We show
that by exploiting cavity nonlinearity induced intensity-depen-
dent loss stable and uniform broadband multiwavelength oscilla-
tions in EDFL can be obtained. The IDL suppresses the mode
competition in the EDF (due to homogeneous gain broadening)
via gain-clamping effect, therefore resulting in uniform power
distribution over a fairly broad spectrum. We believe the analysis
provides a better explanation to the experimental results and at
the same time provide a general approach to the design of stable
broadband multiwavelength erbium-doped fiber lasers.
2. Mechanism for multiwavelength lasing in EDFL

The generalized structure of an EDFL is shown in Fig. 1. Here,
the cavity loss is fixed and is independent of wavelength and
intensity as shown by the solid line in Fig. 2. Initially, many
wavelengths defined by the laser cavity comb filter satisfy the
lasing condition of cavity gain being greater than cavity loss.
Power starts to build up quickly for all the wavelengths. However,
with the increase in power, the gain of the EDFA will start to
saturate and the gain will reduce. Since EDF is a homogeneous
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Fig. 1. Generalized structure of an EDFL with comb filter in the ring cavity.
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Fig. 2. Illustration of working principle of the laser under multiwavelength

operation using IDL induced gain-clamping effect.
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Fig. 3. Schematic diagram of the multiwavelength EDFL with NOLM in the laser

cavity.

X. Feng et al. / Optics & Laser Technology 44 (2012) 74–77 75
gain medium, once the gain of EDFA decreases, the gain for all
wavelengths within the homogeneous gain broadening linewidth
will reduce at the same time. Eventually only the lasing oscilla-
tion at li with the maximum gain will satisfy the stable lasing
condition with cavity gain equal to the cavity loss, shown as point
A or B in Fig. 2. Since li has the maximum gain, the gain of other
wavelengths would be smaller than the loss, and cannot lase as a
result. Because of this, it is difficult to realize multiwavelength
lasing simultaneously in an EDFL when the cavity loss is fixed,
since homogeneous broadening mechanism is predominant and
stable lasing is realized through the reduction of cavity gain. To
ensure that the gain and loss are equal for many wavelengths
simultaneously to realize multiwavelength operations in EDFLs,
one possible solution is to introduce intensity-dependent loss in
the laser cavity.

Assuming instead of a flat loss spectrum, the cavity loss of
wavelengths varies as a cosine function of power, i.e. an intensity-
dependent loss is introduced. In this case, for a given wavelength,
stable lasing condition of equal cavity gain and cavity loss is
achieved through increasing loss due to IDL and is not due to
reduction of gain. As a result, the effect of homogeneous gain
broadening is avoided.

One configuration that can introduce the IDL is through the
use of a nonlinear optical loop mirror. The setup of the multi-
wavelength laser using the NOLM was the same as what has been
demonstrated experimentally in [26], and is shown in Fig. 3. The
mechanism of the laser under stable multiwavelength operation
can be understood from the transmission characteristic of the
NOLM and the gain characteristic of the erbium-doped fiber
amplifier (EDFA). The transmission of an NOLM is given as [30]

T ¼ 1�2að1�aÞf1þcos½yþð1�2aÞf�g ð1Þ

where a is the splitting ratio of the NOLM, y is the additional
linear phase difference induced by fiber twist or a quarter-wave
plate [31], and f is the nonlinear phase delay. One point to note is
that a PC (PC2) was used in the experiment to finely adjust the
linear phase difference, as most cases with high birefringence
fiber loop mirror [32]. Eq. (1) shows that the transmission of the
NOLM is a cosine function of the total phase difference with a
period of 2p, and the actual transmission of the NOLM for an
optical wavelength is not only linear phase delay y dependent,
but also nonlinear phase delay f dependent. The nonlinear phase
delay difference is linearly proportional to the light intensity
incident to the loop. When there are many channels inputting to
the NOLM, and considering the self-phase modulation and cross-
phase modulation, the transmission of the NOLM can be
expressed as [33]

T ¼ 1�2að1�aÞ 1þcos yþ
2pn2L

lAeff
ð1�2aÞ 1

3
Piþ

2

3
P

� �� �� �
ð2Þ

where n2 is the nonlinear refractive index coefficient, L is the loop
length, l is the operating wavelength, Aeff is the effective fiber
core area, Pi is the input power of single wavelength channel, and
P is the total input power to the NOLM. Based on Eq. (2) it is easy
to see that for a fixed y and a given pump power (decides the total
power P) transmission of the NOLM for a given wavelength is a
cosine function of the incident light intensity of signal at the
wavelength. The corresponding loss of the laser cavity for a
wavelength can be expressed as

dc ¼�10logTþdf ð3Þ

where dc is the total loss of the laser cavity, and df is the fixed loss
(independent of laser intensity) induced by the output coupler
and other components in the laser cavity, while the first term
represents the loss of the NOLM.

To illustrate the mechanism of the gain-clamping effect and its
effect on multiwavelength lasing of the fiber laser, the cavity loss
and the gain of EDFL are analyzed. Using Eq. (3), we can obtain the
total cavity loss for a given wavelength li as a function of total
input power to the NOLM, as shown in Fig. 2. The gain of EDFA as
a function of input power is also shown in the same figure.

Since the insertion losses induced by the output coupler and
other components in the laser cavity would not change with the
input power, we can owe the IDL in Fig. 2 to the NOLM. As can be
seen from Fig. 2, the NOLM can effectively induce IDL. Depending
on the selection of the linear phase delay (by adjustment of PC in
the NOLM) and the strength of the input power to the NOLM, the
NOLM can generate a positive feedback due to nonlinear effect
where the loss of the NOLM decreases with signal power, or the
NOLM will generate a negative feedback, where the actual loss of
the NOLM increases with signal power. The operation of the
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Fig. 4. Evolution of output spectra of the laser for different PC2 settings.
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NOLM will move from the positive feedback regime to the
negative feedback regime with the increase in its input power.

The key idea for multiwavelength lasing here is that for a given
wavelength, stable lasing condition of equal cavity gain and cavity
loss is achieved through increasing loss due to IDL and is not due
to reduction of gain. As a result, the effect of homogeneous gain
broadening is avoided. Initially, the NOLM was biased in the
positive feedback regime, where laser oscillations for multiple
wavelengths defined by the comb filter will build up. With the
increase in power in the laser cavity, fiber nonlinear effect will
come into play to reduce the loss of the NOLM. The positive
feedback will cause the power for these wavelengths to increase
further until the power build up bring the NOLM into the negative
feedback regime. The total power in the laser cavity is defined by
the pump power and saturation power of the EDFA in the laser
cavity. As given by Eq. (3), for a given wavelength li, when NOLM
is operating in the negative feedback regime, nonlinear effect
causes an increase in NOLM loss for the wavelength with the
increase in signal power for the wavelength. As a result, when
gain for the wavelength is greater than cavity loss for the
wavelength, power will increase while this increase in signal
power will in turn result in an increase in loss for the wavelength
and until a stable lasing condition of gain equal to loss is reached.
Similarly, any reduction of signal power for the wavelength will
result in a reduction of loss for the wavelength thus causing the
signal power to increase until the stable lasing condition of gain
equal to loss is reached again. The stable lasing points are shown
as D and F in Fig. 2, which depends on the linear cavity phase
delay setting. This process will repeat for all the wavelengths that
meet the lasing conditions. Since the steady state is reached
through increase in loss rather than reduction of gain, stable
lasing of one wavelength will not affect the steady lasing condi-
tion of other wavelengths. As a result, multiple wavelength lasing
can be realized. Furthermore, the negative feedback at each lasing
wavelength will ensure the power is stable for the wavelength.
Fig. 2 also shows that, any further increase in pump power will
only increase the strength of the laser oscillation at li slightly,
extra power will contribute to the buildup of other laser oscilla-
tions to increase the total number of laser oscillations.

In conclusion, the NOLM introduces positive feedback for the
weak lasing oscillations and negative feedback for the strong
lasing oscillations. In the steady state, despite of the fact that gain
competition still exists, all lasing wavelengths will exhibit similar
strength. Eventually, stable broadband multiwavelength oscilla-
tions with excellent output spectrum uniformity can be achieved.
3. Experimental results and discussions

We have obtained stable and uniform multiwavelength oscil-
lations output experimentally as in [26]. Here, further experi-
mental investigation was carried out to demonstrate the analysis
described above on the gain-clamping mechanism in realizing the
multiwavelength operation of the EDFL.

For a given pump power, the maximum achievable power of a
lasing wavelength and the number of output wavelengths depend
on linear phase bias, i.e., dependent on the state of the PC2. When
the PC2 is adjusted so that the linear phase delay is set close to
the feedback switching point, shown as the dash-dot line in Fig. 2,
wavelength with relatively lower power could dynamically
switch to the cavity negative feedback regime and clamp the
wavelengths at point F. If the PC2 is adjusted so that the linear
phase delay is set further from the switching point, shown as the
short dash-dot line in Fig. 2, the lasing power at that particular
wavelength will be clamped at a higher value at D. Given a fixed
pump power, a laser clamped at lower oscillation power will
generate more oscillation wavelengths, as shown in Fig. 4. Fig. 4
shows the evolution of output spectra for different PC2 settings.
The symbols are peak powers of output wavelengths, which have
a wavelength spacing of 0.8 nm and are determined by the F–P
comb filter in the laser cavity. That is, one spectrum in Fig. 4
shows the power profile of one multiwavelength output spectra,
and the spacing between two adjacent symbols (wavelengths) is
0.8 nm. Up to 50-wavelength lasing oscillation with wavelength
spacing of 0.8 nm within the 3 dB spectral range of 1562–
1605 nm has been achieved. The measured power fluctuation of
each wavelength is about 0.1 dB within 2 h, as reported in [26].

On the other hand, for a given state of the PC2, the maximum
achievable power of a lasing wavelength and the number of
output wavelengths will depend on the available pump power.
The evolution of output spectra of the laser with increase in pump
power from the EDFA is shown in Fig. 5. The detailed output
spectra of the designed fiber laser with the variation of pump
power can be found in [26]. For a given state of the PC2, using the
short dash-dot line in Fig. 2, e.g., the increase in pump power may
switch the clamping point from D to C. This will cause a small
increase in the clamped output power for the wavelength. It will
enable more wavelength channels to satisfy the lasing condition
and as a result number of output wavelength will increase due to
the increase in pump power, as clearly shown in Fig. 4. Eventually
the total number of output wavelengths is limited by the EDF gain
spectrum. Further increase in pump power will only cause
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increase in signal power but not the total number of wavelengths,
as shown in Fig. 5.

In fact, the mechanism described in part two enables a general
approach to multiwavelength erbium-doped fiber laser design.
As long as a structure with periodic intensity-dependent loss can
be introduced into the laser cavity, it can effectively introduce the
gain-clamping effect thus enabling CW multiwavelength oscilla-
tions, as have been reported experimentally in [28,29].
4. Conclusions

In conclusion, we have discussed a novel mechanism to attain
stable and ultra-flat multiwavelength oscillations in homoge-
neously broadened fiber lasers. The key concept is to induce
intensity-dependent loss in the laser cavity, which can effectively
suppress the mode competition and ensure a uniform power
distribution over wavelengths via the gain-clamping effect. The
analysis should provide a better explanation to the experimental
results obtained before [26,28] and at the same time provide a
general approach to the design of stable broadband multiwave-
length erbium-doped fiber lasers.
Acknowledgment

This work is supported in part by the Program for New Century
Excellent Talents in University (NCET-08-0078) in China, NSFC
(No. 61077030), the Key Project of Chinese Ministry of Education
(No. 210256), and the Research Fund for the Doctoral Program of
Higher Education of China (No. 20104401120009).

References

[1] Hernandez-Cordero J, Kozlov VA, Carter ALG, Morse TF. Fiber laser polariza-
tion tuning using a Bragg grating in a Hi–Bi fiber. IEEE Photon Technol Lett
1998;10:941–3.

[2] Kim Y, Doucet S, LaRochelle S. 50-Channel 100-GHz-spaced multiwavelength
fiber lasers with single-frequency and single-polarization operation. IEEE
Photon Technol Lett 2008;20:1718–20.

[3] Lee Yong Wook, Lee Byoungho. Wavelength-switchable erbium-doped fiber
ring laser using spectral polarization-dependent loss element. IEEE Photon
Technol Lett 2003;15:795–7.

[4] Xinhuan Feng Lei, Sun Lingyun, Xiong Yange, Liu Shuzhong, Yuan Guiyun, Kai
Xiaoyi. Dong, switchable and tunable dual-wavelength erbium-doped fiber
laser based on one fiber Bragg grating. Opt Fiber Technol 2004;10:275–82.

[5] Junqiang Sun Junlin, Qiu, Huang Dexiu. Multiwavelength erbium-doped fiber
lasers exploiting polarization hole burning. Opt Commun 2000;182:193–7.

[6] Sova RM, Kim C-S, Kang JU. Tunable dual-wavelength all-PM fiber ring laser.
IEEE Photon Technol Lett 2002;14:287–9.

[7] Xueming Liu, Lu Chao. Self-stabilizing effect of four-wave mixing and its
applications on multiwavelength erbium-doped fiber lasers. IEEE Photon
Technol Lett 2005;17:2541–3.

[8] Yang Xiufeng, Dong Xinyong, Zhang Shumin, Lu Fuyun, Zhou Xiaoqun,
Lu Chao. Multiwavelength erbium-doped fiber laser with 0.8-nm spacing
using sampled Bragg grating and photonic crystal fiber. IEEE Photon Technol
Lett 2005;17:2538–40.
[9] Xu XC, Yao Y, Zhao XH, Chen DY. Multiple four-wave-mixing processes and
their application to multiwavelength erbium-doped fiber lasers. J Lightwave
Technol 2009;27:2876–85.

[10] Feng Xinhuan, Tam Hwa-yaw, Wai PKA. Switchable multiwavelength
erbium-doped fiber laser with a multimode fiber Bragg grating and photonic
crystal fiber. IEEE Photon Technol Lett 2006;18:1088–90.

[11] Lim DS, Lee HK, Kim KH, Kang SB, Ahn JT, Jeon MY. Generation of multiorder
stokes and anti-stokes lines in a Brillouin Erbium-fiber laser with a sagnac
loop mirror. Opt Lett 1998;23:1671–3.

[12] Cowle Gregory J, Stepanov Dmitrii Yu. Multiwavelength generation with
Brillouin/Erbium fiber lasers. IEEE Photon Technol Lett 1996;8:1465–7.

[13] Kamil Abd-Rahman M, Khazani Abdullah M, Ahmad Harith. Multiwavelength,
bi-directional operation of twin-cavity Brillouin/Erbium fiber laser. Opt
Commun 2000;181:135–9.

[14] Junqiang Sun, Liu Wei. Multiwavelength generation by utilizing second-order
nonlinearity of LiNbO3 waveguides in fiber lasers. Opt Commun
2003;224:125–30.
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