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We have numerically studied passive mode locking in ﬁgure of eight laser containing microstructured
optical ﬁber. We demonstrate for the ﬁrst time to the best of our knowledge the generation of bound
states in such conﬁguration in the normal dispersion regime. The numerical simulations are based on
extended nonlinear Schrödinger equation using the symmetrized split-step Fourier method. The
numerical results show that single pulse or bound solitons can be obtained when the parameters of
the cavity are suitably chosen. We identify the small signal gain and the microstructured optical ﬁber's
nonlinear coefﬁcient as key parameters for the generation of bound solitons in ﬁgure of eight ﬁber laser.
& 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Fiber lasers, which utilize an optical ﬁber doped with rare earth
elements such as erbium or ytterbium as the active gain medium,
have been widely investigated in the recent years. Mode locked
pulsed ﬁber lasers have key advantages including high peak power
and short pulse duration. Mode locked ﬁber lasers have found
applications in many areas as communication, material processing,
biological metrology and medicine [1]. The ﬁgure of eight ﬁber
laser is one of the passive laser conﬁgurations which allows the
generation of the soliton regime. Self-starting passive mode locking in ﬁgure of eight laser has been theoretically and experimentally demonstrated [2–6]. The principle of this method is based on
the optical Kerr effect. Indeed, nonlinear phase delay between
clockwise and counterclockwise waves in a nonlinear optical loop
mirror (NOLM) or a nonlinear amplifying loop mirror (NALM)
creates intensity dependent transmission. Both NOLM and NALM
behave like fast saturable absorber.
Two solitons bound state was ﬁrst theoretically predicted in 1991
by Malomed et al. [7]. The experimental demonstration of a laser
delivering two bound pulses was given 10 yr later by Tang et al. [8].
In ﬁgure-of-eight lasers the observation of stable bound solitons has
been reported in [9]. The bound states were stable over several hours
in the laser cavity when no external perturbation is applied.
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Moreover, the increase of pump power injected in the cavity allowed
the generation of bound states of several pulses. The control of the
net cavity dispersion was very important to achieve the last regime.
Recently, Amrani et al. [10] have shown that various soliton patterns
such as a soliton gas, a soliton liquid, a soliton polycrystal and a
soliton crystal are directly generated from the ﬁgure of eight laser
operating in anomalous dispersion. On the other hand, Yun et al. [11]
have experimentally obtained dissipative bound state of solitons in
ﬁgure of eight ﬁber laser operating in the normal dispersion regime.
Microstructured optical ﬁbers (MOF) have attracted much
attention since the ﬁrst demonstration of optical guidance in a
MOF in 1996 [12]. MOFs have shown potential for many practical
applications, due to their unique optical properties and have been
in the focus of research over the recent years. Light guidance in
MOF is provided by a periodic arrangement of holes, acting as a
cladding, running along the full length of the ﬁber. A potentially
unlimited range of geometric arrangements permits control of
optical properties as dispersion, nonlinearity and birefringence [13].
An all-ﬁber integrated ﬁgure-eight laser generating 850 fs pulses at
1065 nm is reported in [14]. In a previous paper, we have investigated the effect of insertion of a MOF in ﬁgure of eight ﬁber
laser [15]. However, the bound soliton operation of passively
mode-locked ﬁgure-eight ﬁber lasers in normal cavity dispersion
has not been addressed so far. This was the initial motivation of the
work reported in this paper.
In this article, we propose a numerical model of ﬁgure of eight
microstructured optical ﬁber laser (F8MOFL). The model is based
on extended nonlinear Schrodinger (ENS) equation and solved
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numerically by using the symmetrised split-step Fourier method
(SSSFM) [16]. The numerical simulation predicts two pulsed
regimes of the laser in normal dispersion. We have identiﬁed
single pulse regime and soliton pairs regime. Finally, we study the
inﬂuence of the small signal gain coefﬁcient of EDFA and the MOF′s
nonlinear coefﬁcient on the dynamics of pulses generation.

2. Numerical model of ﬁgure of eight ﬁber laser
The cavity design of the passively mode-locked erbium doped
ﬁber laser is schematically shown in Fig. 1. The cavity comprises
two loops. The nonlinear amplifying loop mirror (NALM) contains
erbium doped ﬁber, microstructured optical ﬁber, and two pieces
of single mode ﬁbers. The unidirectional ring (UR) comprises a
dispersion shifted ﬁber (DSF) and an optical isolator to ensure
unidirectional traveling wave. The optical power is extracted from
a 80/20 ﬁber coupler.
We investigate the dynamic of pulse propagation in F8MOFL by
using numerical simulations. The cavity is modeled as a sequence of
different elements with speciﬁc characteristics. We treat each
element separately and take the solution obtained after propagation
in the considered element as the initial condition for the next one.
This situation is close to reality. In our calculation we consider an
input ﬁeld with intensity jEin j2 at the port 1 of the central coupler.

283

pﬃﬃﬃﬃﬃﬃﬃ
It is split
pﬃﬃﬃﬃﬃﬃﬃ into two counter propagating ﬁelds E3 ¼ 0:5Ein and
E4 ¼ j 0:5Ein .
The pulse evolution in the NALM is determined by the propagation of the ﬁelds E3 and E4 . They propagate in the NALM in the
clockwise and counterclockwise direction as illustrated in Fig. 2(a)
and (b).
For simplicity, we assume in our approach that all ﬁelds are
linearly polarized and that the ﬁbers do not modify the polarization of the traveling waves. That means that neither natural
birefringence nor nonlinear coupling between the polarization
eigenstates is considered. We can therefore use a scalar model for
the ﬁeld propagation. Under such condition, the optical pulse
propagation through the EDFA is governed by the extended nonlinear Schrödinger equation [17]:
!
∂E
β2
g ∂2 E gα
þj
E ¼ jγjEj2 E
þj 2

ð1Þ
∂z
2
2
2ωg ∂T 2
where E is the complex envelop of the electric ﬁeld, z is the
propagation distance, β2 is the second order ﬁber dispersion, α is
the linear absorption coefﬁcient. γ ¼ 2πn2 =λAef f is the nonlinear
parameter of the ﬁber where n2 is the nonlinear index associated
to the optical Kerr effect, λ the optical wavelength and Aef f the
effective mode area. T is the delayed time (T¼ t z/vg), vg is the
group velocity and g is the saturated gain expressed by
g¼

g0
1 þ ðEp =Es Þ

ð2Þ

where g 0 is the small signal gain (or unsaturated gain proportional to
the pumping power), Ep is the pulse energy, Es ¼ 1 pJ is the
saturation energy and ωg ¼ 15:7 ps1 is the spectral gain bandwidth.
For the undoped ﬁbers, g is taken equal to zero. We have used
SSSFM for solving ENS equations modeling the propagation of the
pulse in the F8MOFL. The method is illustrated in Fig. 3. It includes
the effects of second order dispersion, spectral gain ﬁltering in the
ampliﬁer, linear losses, saturable gain and self-phase modulation.
ENS equation, taking into the account the last effects, is written in
^ and nonlinear N
^ operators
a more compact way by using linear D
∂E
^ þ NÞE
^
¼ ðD
∂z

Fig. 1. Setup of the ﬁgure of eight microstructured optical ﬁber laser.

ð3Þ

Fig. 2. General schematic of the NALM model (a) in the clockwise direction (b) in the counterclockwise direction (Eoutcw, Eoutccw are electric ﬁelds traveling in the clockwise
and counterclockwise directions, respectively).
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Fig. 3. Symmetrized split step Fourier algorithm.
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β2
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∂2 α
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D ¼ j
2
2ωg ∂T 2 2

ð4Þ

^ ¼ jγjEj2 þ g
N
2

ð5Þ

The amplitude of the transmitted ﬁeld in port 2 after the
propagation in the NALM is
pﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
E2 ¼ 0:5Eoutccw þ j 0:5Eoutcw ;
ð6Þ
We use the last ﬁeld as the input ﬁeld for the UR cavity. The optical
isolator is also considered and easily implemented by the computational procedure. The computed output ﬁeld of the UR cavity is
then used as the new input for the NALM. This iterative procedure
is repeated until a steady-state is achieved. Our model takes into
account the effect of localized cavity components unlike the
conventional master equation method widely used to simulate
the operation of soliton lasers [17,18].

3. Results and discussions
Pulse characteristics and shape at each round trip of F8MOFL
were recorded and analyzed. The pulses were plotted together in
time domain. This gives an idea of how the pulse evolves as a
function of the number of cavity rounds trips. Numerical simulations of the laser operation are undertaken to give a qualitative
behavior and a physical description of the pulse generation. They
are carried out by considering an initial Sech proﬁle pulse and
propagating it through the various components shown in Fig. 1.
The peak power of the injected Sech pulse is 1 W and its duration
(FWHM) is 5 ps. In order to avoid the soliton energy quantization
effect occurring in the soliton regime the total dispersion is set in
2
the normal regime with βTOT
2 L ¼ 0:021 ps . The total cavity length
is L ¼41 m corresponding to a round trip time of 205 ns and to a

fundamental repetition rate of 4.9 MHz. Parameters used in our
simulations are listed in Table 1.
The numerical results are reported in Fig. 4 which give the
evolution of the input Sech proﬁle pulse. It is demonstrated the
formation of a stable self-starting single pulse as short as 800 fs
with 4.7 pJ pulse energy. If the steady state is established after a
given number round trips (10 in this case) in the cavity it remains
stable over all numbers of round-trip period tested numerically.
3.1. Effect of small signal gain
With appropriate net group dispersion, and through increasing
the pump power, which in our model corresponds to increase the
small signal gain coefﬁcient (g 0 ), self-starting mode locked laser is
automatically obtained in our simulations as shown in Fig. 4. Fig. 5
gives the evolution of the pulse energy as a function of the small
signal gain. As one could easily expect, the energy increases when
g 0 increases. When g 0 is less than 0.5 m  1, there is no mode
locking. In the experiment this corresponds to the case where the
laser is below the mode locking threshold. Mode locking starts for
g 0 ¼ 0:5 m1 . While g 0 is further increased, the pulse energy
quickly increases and reaches the value of 5.3 pJ which appears

Table 1
Parameters used in the simulations.
Property

SMF1,2

DSF

MOF

EDFA

L (m)
α (dB/km)
γ (W  1 km  1)
β2 (ps2/km)

2
0.2
1.25
 21.6

2
0.2
1.25
140.2

20
0.2
10.5
 22.9

15
0.5
2.35
19.1
Fig. 5. Evolution of pulse energy versus small signal gain.
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as a saturation value. This energy saturation is directly connected
to the transmission of the NALM. Indeed, while the transmission of
the NALM ﬁrst increases when g 0 increases because of constructive
interferences between the contra-propagative waves, the increase
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of the nonlinear dephasing leads progressively to less constructive interferences and then to a saturation of the energy. For
1:45 m1 r g 0 r 1:65 m1 no stable mode-locking is numerically
obtained. This region corresponds to the transition between
single-pulse and double-pulse emission; it is also related to the
nonlinear transmission of the NALM which is very low for high
intensities thus leading to less favorable conditions for modelocking. In order to point out the role of the nonlinear ﬁltering of
the NALM on the multiple pulsing, we have plotted in Fig. 6 the
evolution of the transmission of the NALM, deﬁned as
R
R
T NALM ¼ jE2 ðT Þj2 dT= jEin ðT Þj2 dT, as a function of the small signal
gain g 0 . For the calculation of the transmission we have chosen
input pulse characteristics in agreement with data of Fig. 4, i.e.
a pulse width (FWHM) of 830 fs and a variable energy, keeping in
mind that for the data of Fig. 4 the energy of the pulse incident on
the NALM is about 19 pJ. Results show that T NALM is below unity for
g 0 r 0:5 thus meaning that losses of the whole cavity cannot be
compensated by the NALM; the laser is below threshold and no
laser operation occurs. Above this value, T NALM increases and the
energy of the pulse also. Then T NALM decreases and the energy of
the pulse saturates. When T NALM approaches its minimum, again
losses are not compensated and no mode-locking regime is
possible; this corresponds to the unstable region in Fig. 5. When
g 0 is further increased, T NALM recovers values allowing the modelocked regime to occur. In this region, a second pulse appears as a
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result of the pulse energy saturation imposed by the NALM.
Of course, the interpretation given above is only qualitative
because when the cavity is closed, the energy of the input pulse
on the NALM depends on g 0 while it is not the case in our simple
transmission analysis.
For g 0 Z 1:65 m1 , the pulse will split into two pulses with
energy per pulse E4 pJ. The two pulses have a same shape as in
the single pulse regime. Fig. 7 shows an example of bound solitons
obtained at g 0 ¼ 2 m1 after 400 round trips in the cavity. The time
separation between the two solitons is 23 ps. Each pulse is
characterized by duration of 800 fs and energy per pulse of
5.1 pJ. Additional analyses are performed in Fig. 8 concerning the
optical spectrum averaged on several round trips. It reveals a
modulation which proves that there is a constant phase relation
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3.2. Effect of MOF′s nonlinear coefﬁcient

Fig. 9. Pulse to pulse separation versus g 0 .

Let us now study the effect of MOF′s nonlinear coefﬁcient (γ)
on pulse parameters evolution. We change γ from 1.3 to
10.5 W  1 km  1 corresponding to effective mode area Aef f which
varies from 80 to 10 mm2. Fig. 10 shows the evolution of the
steady-state output intensity for increasing values of Aef f . High
MOF′s nonlinear coefﬁcient leads to strong nonlinear effects.
Results show that while Aef f decreases, ﬁrst the pulse energy
increases and then the pulse splits into two pulses. This illustrates
the fact that excessive nonlinearity can have very detrimental
effects. It often limits the achievable pulse energy. If we replace
the MOF by SMF we obtain single pulse with 2.65 pJ pulse energy.

Table 2
Effect of changing of initial conditions on pulse to
pulse separation.
Width (ps)

Pulse to pulse separation (ps)

1
2
3
4
5

21.2
19.4
23.5
26.1
23.3

10
8

Power (W)

Pulse to pulse sepraration (ps)

2.6

between the two solitons thus conﬁrming that they form a bound
state. The spectral modulation period is 0.35 nm, which corresponds to the same soliton separation obtained in temporal
domain (see Fig. 7). We attributed the formation of this regime
to direct interactions between two solitons. The bound solitons is
independent of the initial conditions which indicate that this
regime can be achieved from noise for the speciﬁc parameters.
These numerical results favorably compare with the experimental
observations [9]. On the other hand, these results are very
important from a practical point of view because they mean that
the amplifying medium is mainly responsible for the emergence of
several pulses in the normal dispersion regime.
Let us now consider the inﬂuence of the small signal gain on
the delay between the two solitons. Results are shown in Fig. 9 in
the range of g 0 for which bound states occur. In contrast with the
evolution obtained in ﬁber lasers passively mode-locked through
nonlinear polarization evolution [19], the delays do not seem
quantiﬁed. Indeed there is no clear evolution of the delay between
solitons. For example, the smallest separation, obtained for
g 0 ¼ 1:65 m1 , is 13 ps while the largest separation is 28 ps for
g 0 ¼ 1:85 m1 considering one initial pulse (or two initial pulses)
with peak power¼1 W and FWHM ¼5 ps. In order to study the
effect of changing of initial conditions on pulse to pulse separation,
we vary distance between two initial pulses and their width (see
Fig. 9). By injecting two pulses (peak power¼ 1 W, FWHM¼3, 4
and 5 ps and distance between two initial pulses ¼60 ps), we
remark that pulse to pulse separation is independent on the
distance between two initial pulses but is dependent of their
width. Table 2 presents an example obtained for g 0 ¼ 2 m1 and
for a distance between two initial pulses of 60 ps.
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When the energy exceeds 9.4 pJ, we obtain two pulses. These
results prove that the pulse shape is dependent on the MOF′s
nonlinear coefﬁcient. Finally, we predict, for the ﬁrst time to the
best of our knowledge, the generation of bound soliton pairs in the
normal dispersion regime by NALM ﬁgure of eight ﬁber lasers.
4. Conclusion
In summary, we have numerically studied properties of boundsoliton emission in a passively mode-locked ﬁgure of eight microstructured ﬁber laser in normal dispersion regime. We have found
that the small signal coefﬁcient of EDFA and MOF′s nonlinear
coefﬁcient play important roles in the formation of soliton pairs.
The laser operates in the single-pulse state when the small signal
gain is low, whereas it delivers bound-state pulses for higher values
of the small signal gain. In between, there is no stable mode-locking.
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