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Abstract: The generation of nanosecond square pulse and microsecond harmonic pulse in a passively mode-locked fibre ring laser is demon-
strated by inserting a 20 km long single mode fibre in the cavity. The laser operates in anomalous region based on the non-linear polarisation
rotation process. The square pulse generation is because of the dissipative soliton resonance effect, which clamps the peak intensity of the laser
and broadens the pulse width. The pulse width can be tuned from 28.2 to 167.7 ns. It was found that the square pulse can deliver higher pulse
energy compared with the harmonic pulse. The highest recorded pulse energy is 249.8 nJ under the maximum available pump power of

125 mW without pulse breaking.

1 Introduction

A resonator that is kilometres long offers lower fundamental repe-
tition rate in the kilohertz and hence allows the deliverance of
higher pulse energy. However, there is a challenge that needs to
be overcome if the oscillator is long. The combined action of
both Kerr non-linearity and dispersion generally leads to pulse
break up (multi-pulse) after the accumulated non-linear phase has
exceeded a certain level. Pulse breaking leads to higher repetition
rate and lower pulse energy compared with single pulse operation.
Apart from the dissipative soliton (DS) with steep spectral edges, a
new approach, namely the DS resonance (DSR) has been suggested
to increase the pulse energy from a fibre laser. The formation of
DSR is based on certain parameters selection within the frame of
complex Ginzburg-Landau equation, where its pulse energy can
be increased infinitely. DSR is recognised as a square pulse with
flat top and steep edges, and thus its pulse duration is rather
broad. It normally operates in the nanosecond region. Since the
first demonstration of the square pulse emission by Matsas et al.
[1], research effort on this topic has been lacking.

Recently, DSR pulse with higher pulse energy has been demon-
strated by many researchers [2—6]. The formation of square pulse is
theoretically independent of the sign of cavity dispersion and has
been proven where square pulse can be formed in the positive [4]
and negative [2] dispersion regions. Based on the previously
published reports, the lowest attainable repetition rate was
173.05 kHz, which was obtained by inserting 1.16 km of highly
non-linear fibre (HNLF) [6]. DSR pulse is also observed to be
able to maintain single pulse operation, compared with the conven-
tional DS pulse where DS pulse broke into five pulses at maximum
available pump power [7]. The majority of the experiments con-
ducted adopted a long piece of fibre such as single mode fibre
(SMF) and HNLF. Therefore it is predicted that the formation of
DSR requires large dispersion and high non-linearity.

Recently, some reports showed that mode-locked fibre lasers can
deliver pulses with different duration simultaneously. For instance,
Mao et al. [8] demonstrated a mode-locked fibre laser delivering
both conventional and DSs pulses. More recently, Han et al. [9]
demonstrated simultaneous generation of picosecond and femtose-
cond solitons using a carbon nanotubes (CNTs) saturable absorber.
In this paper, nanosecond DSR square pulse generation with an
ultra-low repetition rate of 10.2 kHz is demonstrated by inserting
a 20 km long SMF in a simple ring resonator. The proposed laser
can deliver nanosecond square pulse and microsecond harmonic
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pulse by adjusting a polarisation controller (PC). It is worth
noting that although the cavity length is significantly long, the
fibre laser still operates at its fundamental repetition rate without
pulse breaking. By manipulating the polarisation state in the
cavity, the proposed laser can also be adjusted to operate in harmon-
ic mode. The performance of this harmonic laser with sech? shape is
also investigated for comparison purposes. It is found that the pulse
energy produced by DSR square pulse is much higher compared
with the harmonic pulse.

2 Experimental setup

The experimental setup of the proposed mode-locked fibre laser is
schematically shown in Fig. 1. It uses a 4.5 m long erbium-doped
fibre (EDF) with an erbium concentration of 2000 ppm, cut-off
wavelength of 910 nm, a pump absorption coefficient of 24 dB/m
at 980 nm and a dispersion coefficient of —21.64 ps/nm km at
A=1550 nm, as the gain medium. The EDF is pumped with a
1480 nm laser diode through a 1480/1550 nm wavelength division
multiplexer. A polarisation dependent isolator (PDI) is used to
ensure unidirectional propagation of light in the cavity and at the
same time to generate linear light polarisation. A PC is employed
to adjust the polarisation of light. A 20 km spool of SMF constitutes
the long cavity and also serves to increase the non-linearity and dis-
persion. The dispersion parameter of the SMF is 17 ps/nm km.
About 50% of the circulating light is taken out of the cavity via a
3 dB coupler and then fed into another 3 dB coupler. The second
coupler splits the light for simultaneous monitoring, one part into
an optical spectrum analyser (OSA) and the other into an oscillo-
scope and radio-frequency spectrum analyser together with a
high-speed photodetector. The cavity is operating in a large
negative dispersion region because of the long SMF.

3  Results and discussion

The mode-locked laser is generated based on non-linear polarisa-
tion rotation (NPR) effect in the ring cavity. The polarising isolator
placed beside the PC acts as the mode-locking element in the pro-
posed laser. It plays the double role of an isolator and a polariser,
such that light leaving the isolator is linearly polarised. Consider
a linearly polarised pulse just after the isolator. The polarisation
state evolves non-linearly during the propagation of the pulse
inside the EDF and SMF because of self-phase modulation and
cross-phase modulation effects in the ring cavity. The state of
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Fig. 1 Experimental setup of the proposed DSR laser

polarisation is non-uniform across the pulse because of the intensity
dependence of the non-linear phase shift. The PC is adjusted so that
it forces the polarisation to be linear in the central part of the pulse.
The polarising isolator lets the central intense part of the pulse pass
but blocks (absorbs) the low-intensity pulse wings. The net result is
that the pulse is slightly shortened after one round trip inside the
ring cavity, an effect identical to that produced by a fast saturable
absorber (SA). In another words, the PDI, working together with
the birefringence fibres, generates an intensity dependent loss
mechanism in the cavity that contributes to mode-locked square
pulse generation in the cavity.

Apart from NPR technique, SA such as CNTs and graphene can
also be used to initiate mode-locking. For instance, Liu ef al. [10]
reported a highly stable mode-locked fibre laser with a multi-
wavelength output based on CNTs. In another work, mode-locked
fibre laser emitting both dissipative and conventional solitons is
also demonstrated by using a more complex nanomaterial based sat-
urable absorber, which was obtained by mixing graphene and CNTs
[11]. However, the square pulse phenomenon is not observed in
both experiments when CNTs or graphene is used. This could be
because of the cavity loss, which is drastically increased when
these SAs are inserted into the laser cavity.

In the proposed experiment, by careful adjustment of the PC,
stable square pulse starts to form at pump power of 108 mW.
Fig. 2 shows the optical spectrum of the typical square pulse emis-
sion from the laser at three different pump powers of 108, 112 and
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Fig. 2 Optical output spectra of pulse laser at three different pump powers
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Fig. 3 Fundamental repetition rate at 10.2 kHz

125 mW. At the maximum pump power of 125 mW, the laser oper-
ates at 1568.7 nm with the peak power of —17.2 dBm and 3 dB
bandwidth of about 1 nm. Fig. 3 shows the oscilloscope trace of
a square pulse train. The pulse train has an ultra-low repetition
rate at 10.2 kHz, as determined by the cavity length. Fig. 4
focuses on a single pulse at two different pump powers. As
shown in the figure, the square pulse has the distinct characteristic
of steep leading and trailing edges and its pulse width can be tuned
by changing the pump power. At 120 mW, the measured pulse
width is 120.0 ns, whereas at 125 mW pump power, the pulse
width increases to 167.7 ns. At the maximum pump power, the
pulse still has a square shape while keeping the peak power
almost constant. With the orientations of the wave-plates fixed, it
is observed that the peak power of the square pulse is maintained
while the pulse width increases with pump power. The ripple struc-
tures on the top of the pulse are probably because of insufficient
gain to compensate for the loss in the ultra-long cavity. A cleaner
square pulse structure is expected at higher pump power.

As shown in Fig. 2, the shape and 3 dB bandwidth of the mode-
locked spectra are almost invariable with pump power. It is believed
that the square pulse formed here has the characteristic of a square
shape which undergoes pulse broadening with constant peak power
and also invariable 3 dB optical bandwidth spectra which resembles
the DSR theory that is predicted by Chang et al. [12, 13]. The
theory of DSR indicates that the pulse energy could be boosted
up to an infinitely large value, whereas the square pulse duration
will broaden with increasing pump power while pulse amplitude
converges to a given plateau value when the cavity parameters
are chosen near to the resonance curve.

The evolution of pulse width with respect to pump power is pre-
sented in Fig. 5. The pulse width can be tuned from approximately
28.2ns to 167.7 ns without pulse breaking by increasing pump
power from 108 to 125 mW. The generation of square pulse in
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Fig. 4 Oscilloscope of single square pulse at different pump powers
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Fig. 5 Pulse width of the square pulse against pump power

the long cavity is most probably because of the DSR phenomenon
in the long cavity laser. After the generation of square pulse, the
peak amplitude is kept almost constant and does not increase
with pump power anymore. The excess power circulating in the
cavity now accounts for the increase in the pulse width rather
than the peak intensity. Owing to the increment of pulse width,
the pulse energy could be increased greatly as opposed to other
soliton operation regions.

Fig. 6 shows the RF spectrum of the mode-locked fibre laser (at
pump power of 125 mW) for both square and harmonic pulses,
which reveals the repetition rates of 10.2 and 20.4 kHz, respectively.
The signal-to-noise ratio (SNR) is obtained from the intensity ratio of
the fundamental peak to the pedestal extinction, estimated to be ~32
and 40 dB for square and harmonic pulses, respectively, which indi-
cates the stability of the laser. However, the SNR value is lower com-
pared with other mode-locked fibre laser, which usually has an SNR
of about 50 dB [14]. This is attributed to the cavity length used,
which is significantly longer.

The square pulse can be switched to harmonic pulse operating in
microsecond region by careful adjustment of the PC while main-
taining all other cavities’ parameters. Self-starting harmonic mode-
locking can be realised by an appropriate adjustment of polarisation
of light and at an adequate pump power. When pump power is
raised to ~100 mW, mode-locked pulse is formed with repetition
rate of 10.2 kHz which corresponds to the fundamental frequency.
As the pump power is increased to 108 mW, pulse breaking is
observed where its repetition rate doubles to 20.4 kHz, representing
the second harmonic order pulse. Harmonic mode-locking is
regarded as a phenomenon when a single circulating pulse breaks
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into multiple pulses with constant temporal spacing. This technique
is often adopted for high repetition rates in multi-gigahertz fibre
lasers [15]. The typical pulse train of the mode-locked fibre laser
is shown in Fig. 7 for two different pump powers of 100 and
108 mW. The attainable pulse widths are 14.2 and 8.1 ps at 100
and 108 mW, respectively. The optical spectrum of the harmonic
pulse is illustrated in Fig. 8, when the pump power is set at
125 mW. As shown in the figure, the harmonic laser operates at
1569.36 nm with peak output power of —18.4 dBm and 3 dB band-
width of 1.7 nm.

Fig. 9 depicts the relationship between the output power and
pump power for both DSR and harmonic pulses obtained from
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Fig. 9 Measured output power for square and harmonic pulses at various
pump powers

the proposed mode-locked erbium-doped fibre laser (EDFL) of
Fig. 1. The output power is measured at the 50% port of
second 3 dB coupler, which channels the output light into OSA.
It is observed that the output power increases linearly with
pump power for both lasers. As expected, the square pulse
recorded higher output power compared with harmonic pulse.
The output power for square pulse varies from 2.19 to 2.54
mW as the pump power increases from 108 to 125 mW. On the
other hand, for harmonic pulse, the highest measured output
power is 2.39 mW at a pump power of 125 mW. Fig. 10 shows
how the pulse energy changes with the increment of pump
power for both lasers. Both square and harmonic pulses exhibit
relatively high pulse energy in the nano-Joule range because of
the long cavity length used in the laser setup. Pulse energy of
both lasers is found to be increasing with pump power. By
increasing the pump power from 108 to 125 mW, the pulse
energy of the square pulse increases from 215.3 to 249.8 nJ,
whereas the pulse energy for the harmonic pulse improves from
0.215 to 0.249 pJ. It is observed that the pulse energy reduces dras-
tically from 188.7 nJ (100 mW) to 100 nJ (108 mW) as the funda-
mental pulse breaks into the second harmonic order pulse. When
the fundamental pulse breaks, the repetition rate doubles from
10.2 to 20.4 kHz. This will reduce the pulse energy as the pulse
energy is inversely proportional to repetition rate. Consequently,
the pulse energy of square pulse can be further increased by opti-
mising the laser parameters and employing higher pump power.
The maximum attainable pulse energy for the square pulse is
higher than second harmonic pulse by 53.1%. Lower pulse
energy is observed for harmonic pulse because of the occurrence
of pulse breaking phenomena, where a single pulse breaks into
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Fig. 10 Pulse energy of produced pulse for square and harmonic pulses

many pulses; two pulses in this experiment. After a single pulse
is formed and traverses in the cavity, it encounters high non-linear
effects and dispersion, introduced by the long SMF. A single pulse
will break into many pulses where overtaking of different parts of
a pulse will lead to optical wave breaking. It can be concluded that
a laser should remain in single pulse operation in order to realise
high pulse energy. Square pulse, which has steeper leading and
trailing edges along with flat top in the temporal domain, can
better withstand pulse breaking compared with the Gaussian or
sech® shape pulse. It can be presumed that the square pulse has
very low-frequency chirps across the central region of pulse and
has non-linear pulse chirping at the pulse edges [16]. The non-
linear chirp at the pulse edges can resist the dispersion and non-
linearity effects in the cavity and thus can maintain its wave break-
ing free pulse.

Neither square pulse nor harmonic pulse is observed when the
20 km long SMF is removed. Without the long SMF, only the con-
ventional pulse with Kelly side-bands is obtained. The insertion of
20 km long SMF brings the cavity’s parameter near to the reson-
ance curve, thereby producing wave breaking free square pulse.
From the experimental results, the laser operates in two different op-
erating regimes, harmonic and square pulse, by changing the pump
power and also the polarisation of light. The change of light polar-
isation leads to different saturable absorption strength and intrinsic
spectral filtering, which affects the intra-cavity non-linear gain and
transmittivity. As a result, various kinds of pulse shapes can be
formed. Both square and harmonic pulses generated by the mode-
locked EDFL are stable. If there is no perturbation introduced to
the laser, both square and harmonic pulses EDFL can last several
hours under normal laboratory conditions.

4  Conclusion

A nanosecond square pulse laser source operating at 1568.7 nm
with ultra-low repetition rate is demonstrated by inserting a
20 km long SMF in the ring cavity. A stable square pulse is
obtained at the fundamental repetition rate of 10.2 kHz based on
the NPR process. The pulse width can be easily tuned from 28.2
to 167.7 ns while maintaining almost constant peak power by in-
creasing the pump power. Pulse energy as high as 249.8 nJ is
recorded at the maximum pump power of 125 mW. This square
pulse in nanosecond time scale is beneficial for numerous applica-
tions, especially in all optical square wave clocks for photonics inte-
grated circuits and all optical signal processing. The DSR pulse can
be switched to the harmonic pulse with a fixed repetition rate of
10.2 kHz by adjusting the PC. The pulse width of the harmonic
pulse can be tuned from 14.2 to 8.08 us as the pump power
increases from 108 to 125 mW. Compared with the harmonic
laser, the DSR can acquire higher non-linear effects without pulse
breaking and therefore higher pulse energy could be delivered.
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