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Abstract: A passively mode-locked thulium-doped fiber laser with square-wave pulse gen-
eration has been demonstrated using a figure-of-eight configuration with two gain mediums
respectively located in the left and right loops. In this laser, mode-locking is achieved based
on equivalent saturation absorption of a nonlinear amplifying loop mirror (NALM). The
pulse amplitude and width of the square-wave pulse can be continuously extended through
controlling pump power of gain mediums in the left and right loops. Moreover, the pulse
dynamics and autocorrelation trace reveal the obtained square-wave pulse is a new kind of
noise-like pulse, i.e., noise-like square-wave pulse, with capability of supporting higher pulse
energy. This find enriches laser pulse dynamics and has important potential applications in
laser detection, sensing and other fields.

Index Terms: Square-wave pulse, noise-like pulse, thulium-doped fiber laser, mode-locked
laser.

1. Introduction
In recent years, thulium-doped fiber laser operating in the around 2 µm “eyesafe” spectral region,
has become one of research hotspots in the field of laser, due to its important application prospects
in medicine, material processing, optical communication, optical fiber sensing, remote sensing and
radar technology [1]. Especially about the passively mode-locked thulium-doped fiber laser for
ultrashort pulse generation, a variety of research results have been reported [2], [3]. Generally,
like fiber lasers at 1.5 µm and 1 µm, mode-locking techniques, such as semiconductor saturable
absorber (SESAM) [4] or other saturable absorber material [5], [6], nonlinear polarization rotation
(NPR) [7], [8], nonlinear optical loop mirror (NOLM) [9], and nonlinear amplifier loop mirror (NALM)
[10], [11], have all been used to achieve passively mode-locking in thulium-doped fiber lasers.
Among these, NOLM/NALM may lead to improved stability and robustness, particularly when an
all-polarization-maintaining configuration is adopted [12].

Depending on cavity dispersion and nonlinearity, mode-locked fiber lasers, as an excellent
research platform of soliton pulse dynamics, offer versatile pulse operation regimes, such as
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Fig. 1. Experimental setup of our proposed square-wave pulse thulium -doped fiber laser with tunable
width and amplitude.

conventional soliton [13], dissipative soliton [14], [15], self-similar pulse [16], dissipative soliton res-
onance (DSR) [17], and noise-like pulse (NLP) [18], and so on. Recently, square-wave pulse (SWP)
(also called rectangular pulse), emitted from passively mode-locked fiber lasers and considered as
an efficient way to immensely increase pulse energy without pulse-breaking, has attracted much
attention, due to its special shape and high-energy characteristics [19], [20]. A record SWP energy
of 10 µJ has been reached in a dual amplifier double-clad Er:Yb mode-locked fiber laser [21].
Moreover, there are two main operation regimes for SWP generation from fiber lasers: DSR and
NLP. DSR rectangular pulse features indefinitely broaden pulse width and constant pulse amplitude
with the rising pump power. Although the generation of DSR has been reported in both normal [22],
[23] and anomalous dispersion regimes [24]–[26], strict resonant condition has to be met, which
make it difficult to be attained. NLP is a well-known phenomenon in mode-locked fiber lasers. NLP
is a wave packet consisting of many ultrashort subpulses, demonstrating an autocorrelation with
narrow coherent peak situated over wide shoulder. Li et al obtained noisy-pulse output at 2 µm
wavelength band from an all-fiber NOLM-based passively mode-locked thulium-doped oscillator
[27]. From a thulium-doped fiber laser based on the NPR technique, He et al experimentally
demonstrated the generation of NLP with pulse energy of 17.3 nJ and spectral bandwidth of
60.2 nm obtaining [28]. From mode-locked thulium-doped fiber lasers using NALM for mode locking,
Michalska et al reported NLP generation with spectral width of 32.6 nm [29], while Wang et al
obtained square-wave NLPs with pulse width increased from 0.75 to 1.3 ns [30]. Similar with DSR,
rectangular NLP sustained by high nonlinearity exhibits broaden pulse duration with increasing
pump power. Recently, Deng et al realized a rectangular NLP centered at 1530.5 nm, but the
rectangular profile gradually decayed to a Gaussian-like shape with increasing pump power [31].
Therefore, it is worth exploring whether the rectangular NLP could always maintain its shape as the
raise of the pump. Also, all the reported square-wave pulses present almost unchanged or even
reduced peak power with pump power increase. Rectangular pulses with adjustable peak power
would be very useful for further enhancing pulse energy and practical applications.

In this paper, we presented the generation of noise-like SWP with adjustable pulse duration and
amplitude from a passively mode-locked thulium-doped fiber laser with figure-of-eight configuration.
The laser mode-locking is achieved based on equivalent saturation absorption of the NALM. The
width and amplitude of the SWP can be independently and continuously extended, while the
rectangle profile is maintained. This noise-like rectangle pulse free of peak power clamping effect
has the potential to support higher pulse energy, which enriches laser pulse dynamics and has
important potential applications in the laser detection, sensing and other fields.

2. Experiments and Discusses
The schematic of our experimental setup for SWP thulium-doped passively mode-locked fiber laser
is shown in Fig. 1. The figure-of-eight configuration consists of two loops: left unidirectional and right
bidirectional loops. The left unidirectional part is constructed, in turn, a thulium-doped fiber amplifier
(TDFA) with maximum output power of 2 W, a 90:10 fiber coupler and a polarization controller (PC).
The used TDFA is commercial product, in which an isolator is integrated to ensure unidirectional
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Fig. 2. Output characteristics of width and amplitude tunable square-wave pulse thulium -doped fiber
laser with central wavelengths of 1992.7 nm: (a) optical spectrum, (b) pulse train, (c) single pulse profile,
(b) RF spectrum.

operation. The coupler is to extract 10% energy out of the cavity and remain 90% energy in the
cavity. The right bidirectional loop can be considered as a well-known nonlinear amplifying loop
mirror (NALM), which can function as a nonlinear power switching device for mode locking due to
the asymmetric nonlinear phase shift. The NALM is composed of a pump/signal combiner, 3.1-m
long thulium-doped fiber (SM-TDF-10P130-HE), a PC and 75-m long single-mode fiber (SMF-28e).
Pump light from a 793-nm laser diode with maximum pump power of 10 W is delivered to the
TDF via combiner, acting as bidirectional optical amplification. The SMF is used to increase the
asymmetric nonlinear phase shift between clockwise and counterclockwise propagating light in the
NALM. The two loops are connected with a 2 × 2 50:50 fiber coupler. Two polarization controllers
(PCs) in two loops are employed to adjust the polarization state of the lasing light and optimize
the birefringence to start the mode-locking. The total cavity length is 139.8 m. The light from
the left unidirectional operation will be divided into two beams with equal intensity through the
3-dB coupler. The clockwise propagating beam pass the pumped TDF and SMF by turn, while for
counterclockwise propagating beam the order is reversed. Owing to the asymmetric placement,
there is an asymmetric nonlinear phase shift between clockwise and counterclockwise propagating
light. The two beams recombine coherently at the 3-dB coupler, leading to a nonlinear transmittance
at the output port of the NALM. As a result, the generation of mode-locked pulse takes place.

In the experiment, output port of the fiber coupler is connected to both an optical spectrum ana-
lyzer (OSA) and an 8 GHz real-time digital oscilloscope (OSC) with a 12 GHz optoelectronic detec-
tion module to monitor output laser spectrum and pulse train simultaneously. The laser is working
in single-wavelength continuous wave state under the condition of low pump power. By increasing
the pump power of the TDFA and right pump, the stable mode-locking can be obtained through
adjusting the PCs. Fig. 2 shows the typical square-wave pulse emission of the laser with the TDFA
pump power setting at 0.3 w and the right pump power at 6 W. Fig. 2(a) shows the pulse spectrum
of the passively mode-locked thulium-doped fiber laser in the mode-locked state. The central wave-
length is at 1992.7 nm and the 3-dB spectral bandwidth is 11.4 nm. The corresponding pulse train is
shown in Fig. 2(b). The pulse period is 675.6 ns, corresponding to the fundamental repetition rate of
1.48 MHz. From single pulse profile of Fig. 2(c), it can be seen that the obtained pulse has a flat
top with pulse duration of 16.3 ns. The RF spectrum measured by the radio frequency spectrum
analyzer is shown in Fig. 2(d). The resolution bandwidth (RBW) of the RF spectrum analyzer is 50
Hz. It shows the repetition frequency of the pulse train is 1.48 MHz, corresponding to the cavity
length of 139.8 m. And signal-to-noise ratio (SNR) exceeds 55 dB with a spectrum range of 450
KHz and it demonstrates that the fiber laser working in a stable mode-locked state.

Next, the relationship between square-wave pulse and TDFA pump power was investigated. First
of all, we changed the pump power of the TDFA while keeping the power pump in right loop fixed at
a constant power of 6 W, once square-wave pulse was achieved. Fig. 3 shows the evolution of the
square-wave pulse waveform with the increased TDFA pump power from 0.26 W to 0.36 W. It can
be seen that the pulse amplitude increase monotonically, but the pulse profile and duration of the
output pulse remains essentially unchanged. Considering the output power, the laser fundamental
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Fig. 3. Square-wave pulse evolution with the pump power of the TDFA increasing from 0.26 W to 0.36
W, when right pump power in right loop set at 6 W.

Fig. 4. Pulse energy and peak power versus TDFA pump power, when right pump power in right loop
set at 6 W.

repeat rate, and the pulse width, we can calculate that the pulse energy is increasing gradually from
55.7 nJ to 116.7 nJ while peak power from 3.5 W to 7.3 W. The results are shown in Fig. 4. The
pulse energy and peak power varies linearly with the pump power of TDFA. This can be understood
from the laser configuration and mode-locking mechanism. The mode-locking mechanism of NALM
is the asymmetric nonlinear phase shift between the clockwise and counterclockwise propagating
beams, which depends on the input power and gain difference of opposite beams in the NALM.
Since a 3 dB coupler was used, the power increase in the left unidirectional loop will bring about
simultaneous power increase of opposite beams and has no effect on the nonlinear transmittance
of the NALM. Thus, the TDFA in left unidirectional loop has only role on the pulse amplitude and
energy.

Then, the relationship between square-wave pulse and pump power in right loop was explored.
With the TDFA pump power in left loop setting at 0.28 W, we increased the pump power in right
loop from 4 W to 10 W and recorded the single pulse waveform, as the results are shown in Fig. 5.
It is noted that the state of the two PCs does not change during the process of increasing pump
power. It can be seen that with the increase of the pump power, the pulses keep in the square-wave
temporal profile and the width of the square pulses is broadened from 15.1 to 41.6 ns. When the
pump power is 5, 6, 7, 8, 9 and 10 W respectively, the corresponding pulse duration is 15.1, 20.3,
26.1, 31.2, 37.3 and 41.6 ns, which is also recorded in Fig. 5. Meanwhile, the pulse energy can be
derived from the output power and the fundamental repetition frequency as shown in Fig. 5. The
pulse energy shows a linear trend with the increase of pump power from 54.5 to 125.4 nJ. But it
is distinct that the peak power decreases significantly with the increase of pump power, which is
completely different from the peak power clamp effect of dissipative soliton resonance [32].
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Fig. 5. Square-wave pulse evolution with the right pump power increasing from 5 W to 10 W, when
TDFA pump power is set at 0.28 W.

Fig. 6. Pulse energy and duration versus pump power in right loop, when TDFA pump power in left loop
is set at 0.28 W.

Fig. 7. The measured autocorrelation trace (the inset shows the coherent peak).

In order to investigate what kind of pulse the generated square-wave pulse is, we used an
autocorrelator (FR-103XL/IR/FA) to measure the autocorrelation trace of the rectangle pulse. The
results are shown in Fig. 7. It can be seen from Fig. 7 that the autocorrelation trace shows
the coherent peak of narrow line width on a wide base, which is typical characteristics of noise-like
pulse [33]. For clarity, we also show the coherent peak with a small scan range in the inset. The
coherent peak is originated from random ultrashort subpulses due to the pulse splitting, which
bunch tightly as a whole through the nonlinear interactions among each other. The noise-like
pulse could tolerate the overdriven nonlinearity and broaden its duration without pulse splitting.
By contrast, the DSR is actually a single pulse with peak-power clamping effect, i.e., the DSR
pulse increases its width with increasing pump power while keeping the amplitude constant.

In addition, we believe that the peak power decrease with the increase of pump power is an
inherent characteristic of the noise-like rectangle pulse from figure-of-eight fiber laser with two gain
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mediums. In this case the peak power clamp effect is not applicable, as the peak power of the
rectangle pulse can be further enhanced with the increase of the gain in unidirectional loop. The
pulse energy achieved from our system can be further elevated by increasing the pump current
of the left TDFA. Therefore, the results also suggest that noise-like rectangular pulse may also
support higher energy as DSR, providing a new guideline for clarifying the formation mechanism
of high energy rectangular pulses in fiber lasers.

3. Conclusion
We have demonstrated a SWP passively mode-locked thulium-doped fiber laser by using a non-
linear amplifying loop mirror (NALM). In the laser, mode-locking is achieved based on equivalent
saturation absorption of the NALM. And through controlling pump power of gain mediums in the left
and right loops, the pulse amplitude and width of the square-wave pulse (SWP) can be adjusted
independently and continuously. Revealed by the pulse dynamics and autocorrelation trace, the
obtained square-wave pulse is a new kind of noise-like pulse, with capability of supporting higher
pulse energy. The passive mode-locked SWP fiber laser has important potential applications in the
laser detection, sensing and other fields. It also enriches laser pulse dynamics.
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