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Observation of dip-type sidebands in a soliton fiber laser

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
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
a r t i c l e i n f o

Article history:
Received 9 July 2009
Received in revised form 30 September
2009
Accepted 9 October 2009
0030-4018/$ - see front matter � 2009 Elsevier B.V. A
doi:10.1016/j.optcom.2009.10.024

* Corresponding author. Address: School of Electrica
Nanyang Technological University, Singapore. Tel.
67920415.

E-mail address: edytang@ntu.edu.sg (D.Y. Tang).
a b s t r a c t

We report on the experimental observation of dip-type spectral sidebands on the soliton spectra of a
passively mode locked fiber laser. We point out that the formation of the dip sidebands is due to a
four-wave-mixing type of parametric process between the soliton and dispersive waves induced by
the periodic soliton parameter variation in the laser cavity. Numerical simulations have well reproduced
the experimental results.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Sideband generation on the soliton spectra of passively mode
locked fiber lasers has been extensively investigated [1–4]. A char-
acteristic of the soliton operation of fiber lasers, especially lasers
emitting subpicosecond soliton pulses, is the appearance of a series
of discrete, well-defined spectral spikes symmetrically on the sol-
iton spectrum. Kelly first explained the physical mechanism of
the spectral sideband formation [1]. He pointed out that a soliton
circulating in the laser cavity was subject to periodic perturbations
of the discrete cavity components, such as the laser output coupler.
Dispersive waves were emitted when a soliton was perturbed [2].
If the phase difference between the dispersive waves emitted on
the successive roundtrips was a multiple of 2p, a constructive
interference between them would be established and a spectral
sideband would appear. The spectral sidebands were also called
as the Kelly sidebands. Smith et al. have theoretically studied the
phase matching condition for the formation of the spectral side-
bands. They have derived the relation between sideband positions
on the soliton spectrum and the cavity dispersion and pulse dura-
tion [2]. Dennis and Duling have experimentally investigated the
soliton sideband generation in fiber lasers. Their experimental re-
sults have well confirmed the relation derived by Smith et al. [3].
Moreover, it was shown that the third-order dispersion of the laser
cavity could also cause asymmetric spectral sideband generation
[4].

Apart from the above soliton spectral sideband formation,
which is a linear effect as once a soliton is formed in a fiber laser
the spectral sidebands always appear, Matera et al. also proposed
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a parametric type of spectral sideband generation on light propa-
gating in optic links with periodic power variation [5]. It was
shown that as a result of periodic power variation, refractive index
grating could be induced. The induced refractive index grating
could further induce four-wave-mixing between light of different
wavelengths, and consequently cause a new type of spectral side-
band formation. Different from the Kelly sideband formation, the
parametric sideband generation is a threshold effect. It only ap-
pears when the power of light becomes sufficiently strong. It is
well known that similar to the light propagation in an optic link,
a soliton circulating in a laser cavity experiences periodic energy
variation. It is to expect that under strong soliton energy modula-
tion, the predicted parametric sidebands could also appear on the
soliton spectrum of a fiber laser. However, to the best of our knowl-
edge, so far no clear experimental evidence on the soliton paramet-
ric sideband generation has been reported. It has been theoretically
shown that within the experimental parameter range of soliton fi-
ber lasers, the Kelly sidebands have nearly the same frequency
locations as those of the even orders of the parametric sidebands
[5]. Obviously these overlaps make the experimental identification
of the parametric sidebands difficult. In a previous paper we have
numerically studied parametric sideband formation in a soliton fi-
ber laser whose solitons experienced a period-doubling bifurcation
[6]. We showed numerically that associated with a soliton period-
doubling bifurcation, a new set of spectral sidebands appeared on
the soliton spectrum. In the case of a soliton period-doubled state,
after the soliton made one roundtrip in the cavity, the new set of
spectral sidebands exhibited a peak–dip spectral intensity alterna-
tion. The formation of spectral dips on the soliton spectrum is a
characteristic of the parametric interaction between the soliton
and dispersive waves. A parametric process causes resonant energy
exchange between the soliton and dispersive waves, and depend-
ing on the relative phase between the soliton and the dispersive
wave, energy can either flow from the soliton to the dispersive
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wave or reversed. When energy flows from the soliton to the dis-
persive waves, a spectral dip is formed on the soliton spectrum.
However, for the Kelly sidebands no such spectral intensity
peak–dip alternation could occur. Based on the peak–dip alterna-
tion of the spectral sidebands, we concluded that the new set of
spectral sidebands was formed due to a four-wave-mixing type
of parametric process [7].

In this paper, we reported on the experimental observation of
dip spectral sidebands on the soliton spectrum of a fiber laser.
We show experimentally that a dip spectral sideband could be
changed into a peak spectral sideband when the laser operation
condition is changed. Furthermore, we found that dip sidebands
could be formed on soliton spectra even when uniform soliton
pulses were emitted. The experimental result clearly shows that
the formation of dip spectral sidebands is not related to the soliton
period-doubling bifurcation. Numerical simulations have well
reproduced our experimental observations. Finally we note that
formation of spectral sidebands in soliton spectrum of a fiber soli-
ton laser has been extensively investigated. However, in the liter-
ature there has been confusion between the Kelly sidebands and
the parametric sidebands. Our results presented in the paper show
the clear difference between the Kelly sidebands and the paramet-
ric sidebands. We emphasize that it is the parametric spectral side-
band formation that causes the energy exchange between the
soliton and dispersive waves, rather than the Kelly sideband for-
mation. Therefore, it is the parametric sidebands formation that
limits the soliton stability in a fiber laser.
2. Experiments

Fig. 1 shows the schematic of our fiber laser. It has a cavity
configuration typical for fiber lasers using the nonlinear polariza-
tion rotation technique for mode locking. The length of the er-
bium-doped fiber (EDF-1480-T6) is about 3 m. The group
velocity dispersion (GVD) parameter of the EDF is 10 (ps/nm)/
km. A 10% fiber coupler made of dispersion-shifted fiber (DSF)
was used for the laser output. The GVD parameter of the DSF
is 2 (ps/nm)/km. The fiber length of the coupler inside the cavity
is about 1 m. All other fibers used were the standard single
mode fiber (SMF). The cavity length is about 17.3 m. To achieve
mode locking, a polarization-dependent isolator was inserted in
the cavity to force the unidirectional operation of the laser.
Two polarization controllers, one consisting of two quarter-wave
plates and the other two quarter-wave plates and one half-wave
plate, were used to adjust the polarization of the light. The
EDF 

4

λ
4

λ
4

λ
4

λ
2

λ
PI 

10% DSF 
coupler 

WDM 

Fig. 1. Schematic of the fiber laser. k=4: quarter-wave plate; PI: polarization-
dependent isolator; k=2: half-wave plate; WDM: wavelength-division-multiplexing
coupler; EDF: erbium-doped fiber.
polarization controllers and the polarization-dependent isolator
were mounted on a fiber bench. The laser was pumped by a
1480 nm Raman Fiber Laser source (BWC-FL-1480-1).

Self-started mode locking could be easily achieved in the laser.
Immediately after the mode locking generally multiple solitons
were formed in the cavity. However, through carefully reducing
the pump power single soliton operation could always be ob-
tained. A typical optical spectrum of the laser emission is shown
in Fig. 2. Obvious Kelly sidebands are visible on the spectrum,
which characterizes the soliton operation of the laser. In Fig. 2
we have also shown the autocorrelation trace of the soliton
pulses. It shows that the solitons have a pulse width of about
544 fs if a Sech2 pulse profile is assumed. As mentioned above,
although the laser emitted stable soliton pulses, the soliton circu-
lation in the cavity experienced periodic soliton parameter varia-
tions, which is an intrinsic feature of the laser solitons. The
detailed soliton parameters variation is determined by the con-
crete cavity design and the laser operation conditions. With our
current cavity design we found experimentally that through care-
fully selecting the laser operation condition, apart from the con-
ventional Kelly sidebands, a kind of dip spectral sidebands can
also be observed on the soliton spectra of the laser. Fig. 3 shows
two typical dip spectral sidebands experimentally measured. To
obtain the soliton state, we started from a stable soliton operation
state whose soliton spectrum is as shown in Fig. 2. We then care-
fully increased the pump power and tuned the orientation of one
of the quarter-wave plate in such a way that the soliton peak
power increased. As the soliton power became sufficiently strong,
suddenly extra spectral peaks appeared on the soliton spectrum.
The positions of the extra spectral peaks varied with the change
of the waveplate orientation. For the fiber laser, tuning the orien-
tations of the quarter waveplates is equivalent to change the lin-
ear cavity phase delay bias [8]. In a small range of the linear
cavity phase delay bias it was found that the soliton spectrum
of the laser evolved to the one shown in Fig. 3a, where two spec-
tral dips appeared symmetrically on the soliton spectrum near
the positions of the first-order Kelly sidebands.

We experimentally investigated the soliton emission of the la-
ser under the state. No obvious difference from the state shown
in Fig. 2 could be identified. In particular, no soliton period-dou-
bling bifurcation had occurred as identified through simulta-
neously monitoring the RF spectrum of the laser emission.
Moreover, we found experimentally that changing the laser opera-
tion conditions, e.g. changing the orientation of the quarter wave-
plates, the spectral dips could be changed into spectral peaks, as
shown in Fig. 3b. The appearance of the symmetric spectral dips
on the soliton spectrum and the dip–peak sideband conversion
Fig. 2. The optical spectrum and corresponding autocorrelation trace of a generated
soliton.



Fig. 3. The soliton spectrum with dip-type sideband at (a) first-order long/short-
wavelength-side and (b) first-order long-wavelength-side.

Fig. 4. (a) Soliton optical spectrum at different intracavity positions (1.67 MB); (b)
output pulse train through the DSF output coupler.
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are reminiscent of the features of the parametric sidebands numer-
ically calculated for a period-doubled soliton fiber laser [6,7]. How-
ever, in our current experiment no soliton period-doubling
occurred.

3. Numerical simulations and discussion

To confirm that dip spectral sidebands can also appear on the
soliton spectrum of a uniform soliton emission fiber laser, we
numerically simulated the soliton operation of the fiber laser.
We used a model as described in [9]. We have used the exactly
same experimental cavity parameters: the cavity length
L = 1.0SMF + 10%LOSS + 1.0SMF + 3.0EDF + 2.7SMF + 0.5DSF + 10%OUTPUT +
0.5DSF + 8.6SMF = 17.3 m; The GVD parameter of the SMF, EDF, and
DSF is 16 (ps/nm)/km, 10 (ps/nm)/km, and 2 (ps/nm)/km, respec-
tively; the cavity linear phase delay bias is set at 1.45p and the
small signal gain coefficient is G = 445 km�1. The beat length
Lb = L/4. The first 10% loss is due to the loss of the wavelength-
division-multiplexer we used. We did not take into account the
insertion loss of the fiber bench.

Fig. 4a shows the soliton spectra numerically calculated at two
different cavity positions of the fiber laser. It is to see that while at
one position (1.0 m) the two first-order spectral sidebands of the
soliton are spectral spikes, at another position (8.2 m) of the cavity,
they became spectral dips. Fig. 4b shows the uniform output pulse
train through the DSF output coupler. Video A shows the detailed
numerically calculated soliton spectrum evolution in the cavity.
Even in a stable soliton operation state, the soliton sidebands
change from a dip to a peak within one cavity roundtrip.

Numerically we have also identified that the dip sideband posi-
tion is overlapped with the first-order of Kelly sidebands. To ex-
plain the formation of the dip spectral sidebands, we note that
fiber lasers are dissipative systems, when the soliton evolves in
the cavity, its soliton parameters vary periodically. Therefore, un-
der certain conditions, it is possible to generate the parametric
interaction due to the periodic power variation [5]. However, in
the cases of soliton period-doubling [6] or quasi-periodicity [7],
the period of soliton energy variation is locked to twice of the
cavity length, or multiple times of it. Consequently, the peak–dip
variation of the parametric sidebands also reflects the feature. In
the experiment as the measured optical spectrum is an averaged
result over time, the average between the spectral dips and the
spectral peaks of the parametric sidebands in the successive
roundtrips always blurs the dips. Consequently, no clear spectral
dips are visible on the measured soliton spectrum. In the current
case the output pulse train is uniform, which suggests that the per-
iod of the soliton power variation equals to one cavity roundtrip
time, therefore, the spectral peak and dip positions remain fixed
in the cavity, which makes the experimental observation of the
spectral dip possible. The Kelly sidebands are always generated
once the soliton is obtained, and their positions on the soliton
spectrum are fixed, while positions of the parametric sidebands
on the soliton spectrum vary with the cavity linear phase delay
bias [5]. Under appropriate cavity condition, it is possible that
the parametric sidebands overlap with the Kelly sidebands. Under
coexistence of the two types of sidebands, the final sidebands ap-
peared on the soliton spectrum is determined by their relative
strength. Therefore, we could observe a dip-type sideband once
the depth of the dip-type parametric sideband is larger than the
height of the peak-type Kelly sidebands. We note that the dip-type
sideband observed under this situation is not a pure dip-type para-
metric sideband but an appearance of the competition between the
dip-type parametric sideband and the peak-type Kelly sideband.

4. Conclusions

In conclusion, we have reported the experimental observation of
dip-type sidebands in a fiber laser when the fiber laser emits uni-
form soliton pulses. The appearance of the dip-type sideband was
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interpreted as a result of the parametric four-wave-mixing effect
caused by the strong periodic soliton pulse energy variation inside
the laser cavity, which is an intrinsic feature of the laser solitons. To
our knowledge this is the first clear experimental evidence on the
periodic intensity variation induced parametric sideband genera-
tion. Numerical simulations have confirmed the experimental
observation and clearly show that the dip-type sidebands evolve
into the peak-type sidebands within one cavity roundtrip.
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