
Available online at www.sciencedirect.com
www.elsevier.com/locate/optcom

Optics Communications 281 (2008) 3324–3326
Dynamics of gain-guided solitons in a dispersion-managed fiber
laser with large normal cavity dispersion

L.M. Zhao a,*, D.Y. Tang a, X. Wu a, H. Zhang a, C. Lu b, H.Y. Tam c

a School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore 639798, Singapore
b Department of Electronic and Information Engineering, Hong Kong Polytechnic University, Hung Hom, Hong Kong, China

c Department of Electrical Engineering, Hong Kong Polytechnic University, Hung Hom, Hong Kong, China

Received 25 December 2007; received in revised form 18 February 2008; accepted 21 February 2008
Abstract

The intra-cavity pulse dynamics of gain-guided solitons in a dispersion-managed fiber laser with large normal cavity dispersion was
investigated experimentally and numerically. It was found that in the laser the gain-guided solitons have a similar evolution as that of the
parabolic pulses.
� 2008 Elsevier B.V. All rights reserved.
Recent studies on the passively mode-locked fiber lasers
have revealed solitary wave formation even in the all-nor-
mal-dispersion fiber lasers and the existence of solitons
with steep spectral edges [1–3]. It was shown that soliton
formation in the lasers is a result of the nonlinear mutual
interaction among the cavity dispersion, fiber Kerr nonlin-
earity, laser gain saturation and spectral filtering. Due to
the positive cavity dispersion and the pulse self-phase mod-
ulation, a pulse circulating in the cavity acquires pulse
width broadening and strong frequency chirp. Amplifica-
tion of a chirped pulse by a gain medium of limited band-
width causes pulse width narrowing. Under suitable
conditions, e. g. a laser with large normal cavity dispersion
and small gain bandwidth, these two effects can balance
each other and lead to the formation of a different type
of solitary waves known as the gain-guided soliton
(GGS) [1,4].

Therefore, the GGS is intrinsically a chirped nonlinear
wave. Other characteristics of the soliton include its steep
spectral edges, nonlinear frequency chirp, and multiple sol-
iton formation [3,5]. Such a nonlinear wave has also been
observed in the dispersion-managed (DM) fiber lasers with
large net positive cavity dispersion [6]. However, different
0030-4018/$ - see front matter � 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.optcom.2008.02.024

* Corresponding author. Tel.: +65 67905363.
E-mail address: lmzhao@ntu.edu.sg (L.M. Zhao).
from a fiber laser made of purely positive dispersion fibers,
a pulse circulating in a DM laser experiences stretching and
compression, correspondingly frequency chirping and de-
chirping. How could a GGS be formed in a DM laser? Is
there any difference between the solitons and those formed
in a non-DM fiber laser? In this paper we will address these
questions. It is worth noting that a parabolic pulse can also
be formed in the DM fiber lasers, and its spectrum also has
steep edges [7]. What are the relationship and difference
between the pulses?

We tackled the questions by investigating the GGS
dynamics in the DM fiber lasers. Experimentally we have
set up a DM fiber laser as shown in Fig. 1 to study the pulse
evolution in the cavity. The laser is made of a segment of
2.7 m Erbium-doped fiber (EDF) with group velocity dis-
persion (GVD) of about �32 (ps/nm)/km sandwiched
between two segments of the standard single-mode fiber
(SMF) with GVD of about 18 (ps/nm)/km. The nonlinear
polarization rotation (NPR) technique was used for
mode-locking. To this end a polarizer and a polarization
independent isolator were inserted in the cavity between
the SMFs. Two polarization controllers, one consists of
two quarter-wave plates and the other two quarter-wave
plates and one half-wave plate, were used to control the
light polarization inside the cavity. The polarizer, isolator,
and waveplates were assembled on an 8-cm-long fiber
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Fig. 1. Schematic of the DM fiber laser. I: polarization independent
isolator; k/4: quarter-wave plate; P: polarizer; k/2: half-wave plate; SMF:
single-mode fiber; WDM: wavelength-division-multiplexing coupler;
EDF: erbium-doped fiber.
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bench. Two 10% couplers were used to extract the pulse
from the cavity at different positions for comparison.

By controlling the length of the SMF, clear GGS opera-
tion was achieved. Fig. 2 shows for example a typical result
obtained with a pump power of 309 mW and a cavity length
of L = 1.4SMF + 2.7EDF + 1.0SMF = 5.1 m, corresponding
to a net cavity GVD of about 0.0553 ps2 at 1550 nm. Two
output ports were built for the laser. Along the clockwise
direction one port (port 2) located at the position 0.9 m
before the EDF and the other port (port 1) is situated at
0.3 m after the EDF. The pulse durations measured at the
two output ports were 3.56 ps (Output 1) and 3.02 ps (Out-
put 2) if a Gaussian pulse profile is assumed, and the corre-
sponding average output powers measured were 6.820 dBm
(4.81 mW) and 0.062 dBm (1.01 mW), respectively. In Fig. 2
we have also shown the pulse spectra measured at the two
output positions. It is to see that the pulse spectra exhibit
the characteristic steep edges.
Fig. 2. Experimentally measured autocorrelation traces and optical
spectra of the GGS at the two cavity output ports of the DM fiber laser.
Solid lines: Results obtained at the port-1 position. Dashed lines: results
obtained at the port-2 position.
The observed experimental results have no obvious dif-
ference from those obtained on the non-DM fiber lasers [1].
To gain an insight into the detailed intra-cavity pulse evo-
lution, we then conducted numerical simulations based on
the experimental system. Again the same model as
described in [6] was used. The model has taken into
account the interplay among the cavity dispersion, nonlin-
ear self-phase modulation, laser gain, gain saturation, gain
bandwidth limitation, fiber birefringence, and the cavity
effects. We always started the simulations with an arbitrary
weak pulse and solved the coupled Ginzburg–Landau
equations with the split-step method. The experimental
cavity configuration and the following parameters were
used for the simulations: nonlinear fiber coefficient
c = 3 W�1 km�1, EDF gain bandwidth Xg = 20 nm,
third-order fiber dispersion D000 = 0.1 (ps2/nm)/km, beat
length Lb = L/2, orientation of the intra-cavity polarizer
to the fiber fast birefringent axis W = 0.152p, and the gain
saturation energy Psat = 1 nJ.

We confirmed numerically that the GGS could indeed
be obtained in the fiber laser. Fig. 3 shows a result numer-
ically obtained. For comparison we have shown in Fig. 3
the pulse profiles and pulse spectra of the calculated
GGS at the same cavity positions as the experimental out-
puts. In the experiment the GGS emission of the laser
under different operation conditions, such as different
pump strengths, different orientations of the waveplates,
were also investigated. Physically, the different orientations
of the waveplates correspond to different linear cavity
phase delay biases in the model, which affects the effective
saturable absorption strength of the mode-locking and the
cavity pulse peak clamping level [8]. Our numerical simula-
tions could faithfully reproduce all the features of the
GGSs experimentally observed, which confirmed the reli-
ability of the simulations.

We then numerically studied the GGS dynamics in the
laser. Fig. 4 shows the variations of the pulse width and
Fig. 3. Numerically calculated pulse profiles and optical spectra of the
GGS at the two output port positions as in the experiment. Linear cavity
phase delay bias u = 1.4p, pump strength g = 2000. Solid lines: Results
obtained at the port-1 position. Dashed lines: results obtained at the port-
2 position.



Fig. 4. Variations of the GGS pulse width and the soliton time–
bandwidth product along the cavity. The slight vertical offsets of the
starting and ending points of the curves are due to the pulse shaping
caused by the cavity mode-locking effect.
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the time–bandwidth product along the cavity for the soli-
ton operation shown in Fig. 3. Starting from the end termi-
nal of the fiber bench and circulating along the cavity, the
pulse first narrows down in the SMF, subsequently broad-
ens monotonically in the gain fiber, and then narrows down
in the SMF again. The pulse width also decreases slightly
as it passes through the fiber bench, which enforces the
mode-locking effect of the laser. We have modeled the effect
of pulse propagation through the fiber bench with an effec-
tive Jones Matrix [8]. Therefore, the pulse shaping caused
by the mode-locking effect of the laser (or passing through
the fiber bench) is reflected by the slight vertical offsets
between the starting and ending points of the curves shown
in Fig. 4. Despite of the fact that the cavity is DM, the
pulse only stretching and compressing once in one cavity
round-trip, which resembles that of the intra-cavity pulse
dynamics of a parabolic pulse [7,9]. The intra-cavity pulse
evolution is different from that of the GGS in the all-nor-
mal-dispersion fiber lasers either. No pulse width narrow-
ing in the gain fiber was observed [10]. The time–
bandwidth product gives information about the frequency
chirp of the soliton. Obviously, the frequency chirp
increased as the soliton propagated in the gain fiber, and
then decreased in the SMF. Numerically we found that
the magnitude of the soliton frequency chirp was the cavity
linear phase delay bias and the pump strength dependent.
The higher the peak power of the formed soliton, the larger
the absolute value of the frequency chirp was.

With all the other laser parameters fixed but decreasing
the gain bandwidth, i.e. from 20 nm to 12 nm, numerically
we found that in the case of strong solitons, the soliton
could even be de-chirped to a transform-limited pulse in
the SMF and remain the shortest pulse width until entering
the gain fiber. The same effect was also observed under the
20 nm gain bandwidth but with small net positive cavity
dispersion, e.g. less than 0.025 ps2, which was understood
as a result of the complete balance between the positive
and negative chirps generated in the cavity. Like the case
of the conventional DM solitons [11], when a pulse has
broader bandwidth in the anomalous fiber segment than
in the normal fiber segment, it will experience more effec-
tive anomalous linear dispersion than normal linear disper-
sion, and consequently form DM solitons even in the net
positive dispersion map. Based on this understanding the
result we observed then suggests that depending on the gain
bandwidth, the effective positive chirp of the formed GGS
is also different. Gain with narrower bandwidth will gener-
ate GGSs with smaller chirp.

It is to see that although there is no pulse narrowing in
the gain fiber in the DM fiber laser, the gain filtering has
still played a role on the formed soliton pulse. Therefore,
in the case of large net positive cavity dispersion DM
lasers, the GGS can be formed. The difference and the rela-
tion of the GGSs to the parabolic pulses also become clear
now. In a DM laser both pulses have the similar intra-cav-
ity pulse evolution, however, in the case of a parabolic
pulse the gain bandwidth is so broad that it could be con-
sidered as infinite. Hence it has no bandwidth limiting effect
on the formed pulses, consequently, the formed pulses have
a linear frequency chirp [7,12].

In conclusion, we have studied the intra-cavity dynamics
of the GGS in a DM fiber laser. We show that due to the
de-chirping of the anomalous fiber in the cavity, the GGS
no longer experiences pulse width narrowing in the normal
dispersion gain fiber as in the non-DM fiber lasers, but has
an intra-cavity pulse evolution similar to that of the para-
bolic pulses. The main difference of the GGSs to the para-
bolic pulses in the lasers is that the GGSs have nonlinear
chirp due to the effect of the finite gain bandwidth, while
the parabolic pulses have linear chirp as in lasers where
the parabolic pulses are formed, the gain bandwidth of
the lasers is much broader than the spectral bandwidth of
the formed pulses so that its limiting effect is ignorable.
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