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Abstract: An Er-doped all-fiber ultrashort pulse laser with positive total net-cavity group-velocity
dispersion is demonstrated based on a hybrid mode-locking mechanism ensured by single-walled
carbon–boron–nitrogen nanotubes with coaction of the nonlinear polarization evolution effect. The
generation regime with a similariton-like spectrum is obtained. The spectrum width is ~31.5 nm, and
the minimal pulse duration is ~294 fs at full width at half maximum. The average output power is
~3.2 mW, corresponding to 0.376 nJ pulse energy and 1.25 kW peak power. The fundamental pulse
repetition rate is ~8.5 MHz, with a signal-to-noise ratio of 60 dB. The standard deviation of average
output optical power stability, measured for 12 h, is about ~1% RMS, and the maximum level of
relative intensity noise (RIN) does not exceed <−120 dBc/Hz in the 30 Hz–1 MHz frequency range.
To prove the similariton-like regime generation, we also studied numerically and experimentally the
pulse evolution during propagation through a laser resonator and output single-mode fiber with
anomalous dispersion.

Keywords: similariton-like pulses; erbium-doped fiber lasers; ultrashort pulse generation; pulse
evolution

1. Introduction

Ultrashort pulse (USP) lasers with high short-term stability of amplitude and fre-
quency parameters are of great importance in such high-precision areas as frequency comb
spectroscopy [1,2], optical frequency standards [3,4] and microwave signal generation [5–7].
In recent years, much attention has been paid to the study of various methods for short-term
stabilization of USP radiation and the development of mode-locked sources with low noise
performance [8–10].

The active short-term stabilization method based on an active electronic feedback loop
is widely used for the suppression of intensity noise in mode-locked lasers. It usually in-
cludes a pump current modulator for compensation of laser diode intensity fluctuations [11]
and a transmittance control system for the acousto-optic modulator [12]. Although this
method allows the achievement of relative intensity noise (RIN) levels below −140 dBc/Hz
at a radio frequency of 100 Hz [11,13], it has a significant disadvantage: in the region of the
feedback control band, there is a strong resonant peak, and, as a result, the integrated noise
intensity increases.

At present, the control of total intracavity group velocity dispersion (GVD) toward the
near-zero region is one of the most common passive methods for the suppression of intensity
noise and timing jitter [10,14]. As is known, in the region of zero GVD, there are two main
generation regimes that may be observed: stretched pulses [15] and similaritons [16]. The
key property that distinguishes a similariton regime from a stretched pulse regime is the
absence of significant pulse energy limitations caused by dispersive waves formation,
and, as a result, similaritons have the potential to create high-power laser systems [17,18].
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Similaritons are pulses described by asymptotic self-similar solutions of the modified
nonlinear Schrödinger equation (NLSE) with positive linear chirp [16]. This generation
regime has a parabolic pulse shape and a parabolic spectrum and is realized at a positive
total net-cavity GVD. The passive similaritons [16] considered in this study, in contrast to
amplifier similaritons [19], are formed in dispersion-managed cavities and with minimal
spectral filtering. Such pulses remain self-similar even in the passive fiber and do not act as
a nonlinear attractor. Similaritons are stable as long as the envelope of the optical spectrum
does not expand beyond the amplification band of the active medium [17].

Another straightforward approach to passive noise suppression is the use of bandpass
filters that reduce both RIN [13] and timing jitter [19]. However, it should be noted that
spectral filtering inevitably leads to an increase in pulse duration [20] and insertion loss.

One of the promising methods for short-term stabilization of mode-locked fiber lasers
may be the use of hybrid mode locking in resonators, a combination of natural and artificial
saturable absorbers (SAs). Most USP lasers operate with passive mode locking, using two
types of SAs: natural SAs—semiconductor saturable absorber mirrors (SESAMs), single-
walled nanotubes and graphene; and artificial SAs—the mechanism of nonlinear evolution
of polarization (NPE), the principles of nonlinear optical loop mirror (NOLM) and nonlinear
amplifying loop mirrors (NALMs) [21–26]. Both types of SAs have their advantages and
disadvantages, and their combination allows one to mutually compensate for the other,
and, as a result, it is possible to achieve higher time and frequency stability [27–29].

When developing lasers with the use of the methods discussed above, one of the key
problems is the difficulty of assessing the direct influence of the applied technical solutions
on each other and on the parameters of the generated pulses. This problem is especially
acute for lasers with positive intracavity GVD due to the more complex dynamics of
pulse formation and propagation. Most studies researching the dynamics of the formation
and evolution of pulses in USP lasers with a positive net-cavity dispersion are devoted
to searching for the energy limitations of the generation regimes existence [18,30–32].
However, many investigations have been reported on the dynamics of pulse generation
inside a laser cavity. For example, Chong et. al. [33] performed mathematical modelling
of a Yb-doped fiber laser operating in all-normal dispersion (ANDi) with SA in the form
of NPE and demonstrated the formation of self-similar and M-shaped dissipative soliton
pulses, noting the key role of the spectral filter in this process. Boscolo with colleagues [32]
reported a numerical study of similariton dynamics inside the cavity of a Yb-doped fiber
laser operating at anomalous net-cavity GVD. Luo et al. [34] conducted experimental
research on the pulse evolution inside the cavity of an Er-doped fiber laser with large
positive dispersion, where four output couplers were added to the cavity. To study the
evolution of radiation, the dispersive Fourier transform (DFT) technique is also used [31],
which allows one to study the dynamics depending on the number of pulse round trips
through the resonator.

In this paper, we demonstrate both numerical and experimental studies of the simi-
lariton evolution in an Er-doped fiber laser with hybrid mode locking. In order to carry
out such an investigation, we used an SMF-28 fiber stretcher–compressor at the resonator
output, which is equivalent to the SMF-28 section inside the resonator, adjusted for the
fact that radiation with four times less power propagates through it, and changed its
length. The experimental data were compared with the numerical model. As a result, the
characteristics of the spectrum and pulse duration at the minimum and maximum lengths
were almost equivalent, with a more pronounced spectral filtering effect as the output fiber
length increased.

2. Materials and Methods

The experimental setup for the all-fiber erbium-doped laser resonator is shown in
Figure 1. The resonator is formed with fiber of 3 types, which makes it possible to im-
plement the net-cavity dispersion control mechanism. First is Erbium-doped fiber HE980
(Lucent Technologies Inc., Murray Hill, NJ, USA) with a core absorption of ~4 dB/m and a
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dispersion parameter of D~−54.6 ps/(nm·km), which serves as an active laser medium. In
order to increase the pump absorption efficiency, 6.09 m of this fiber is used in the resonator.
The second type of fiber is the passive SMF-28 fiber (Corning Inc., New York, NY, USA)
with a dispersion parameter of D~+17.4 ps/(nm·km) and a length of 18.21 m. In order
to achieve the overall intracavity GVD required for the parabolic pulse generation, the
main adjustment of the dispersion is realized by changing the SMF-28 length. The third
fiber type is CS980, with a dispersion parameter of D~−2.16 ps/(nm·km) [35] and a length
of 2.045 m, and it is used to connect WDM 980/1550 to EDF. All dispersion coefficients
are given at a wavelength of 1550 nm. The total length of the resonator is 26.5 m, and
the total net-cavity dispersion is slightly positive (β2 = +0.025 ps2 at 1530 nm). A CW
laser diode (LC96A74P-20R, Oclaro Inc., San Jose, CA, USA) operating at a wavelength
of 980 nm is used as the pump source. To input and output the pump radiation, two
wave demultiplexing filters (WDM 980/1550) are used. As a result of the property of
spectral selectivity, they also play the role of a spectral filter, preventing expansion of the
optical spectrum. The polarization-maintaining fiber isolator (ISO-PM) is used to ensure
unidirectional generation. A fiber coupler is also used to extract lasing radiation from the
resonator: 80% of the radiation remains in the resonator, and 20% is removed.
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Figure 1. The experimental setup of the Erbium-doped all-fiber USP laser with a hybrid mode-
locking mechanism.

The resonator operates with the hybrid mode locking (ML) regime using both fast
and slow saturable absorbers. Single-walled carbon–boron–nitride nanotubes (C:BNNTs)
act as slow saturable absorbers, enabling the launch of the ML regime. Such materials
provide a relatively low mode-locking threshold and a shorter pulse generation compared
to common carbon nanotubes [36]. The role of a fast saturable absorber is played by the
NPE effect [29]. To control ML, a polarization controller (PC) is installed in the cavity.

3. Experimental Results

Slightly positive net-cavity GVD pulses, formed in the ML fiber laser cavity, can tend
to have a parabolic shape. The spectrum of our generation regime, shown in Figure 2a, is
well approximated by the parabolic function in contrast to the Gaussian form, which may
indicate that the regime we are studying is similariton-like.

The data shown in Figure 2 were taken at a fiber compressor length of ~5.1 m, at
which the minimum pulse duration was reached. The optical spectrum of a similariton-like
pulse experimentally measured using the CMA5000a optical spectrum analyzer (Anritsu
Corporation, Atsugi, Japan) had a central wavelength at 1530 nm and a full width at half
maximum (FWHM) of ~31.5 nm.
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Figure 2. (a) Optical spectrum of output radiation, approximated with Gaussian and parabolic
functions, and spectrum of the radiation in relative units (inset). (b) Intensity autocorrelation trace
with Gaussian fitting and pulse intensity temporal profile with phase (inset).

To estimate the USP duration, the intensity autocorrelation trace was measured after
15 rounds of averaging, as shown in Figure 2b (performed with the FR-103 WS autocorre-
lator (FEMTOCHROME RESEARCH Inc., Berkeley, CA, USA)). This graph indicates an
intensity autocorrelation width with a Gaussian approximation of ~424 fs at FWHM that
corresponds to the duration of the pulse equal to ~424 × 0.707 = ~294 fs.

It is important to note that sometimes the optical spectrum shape and net-cavity GVD
are not sufficient for generation regime identification, especially in the zero-dispersion
region. To ensure accurate categorization, we measured the pulse intensity temporal profile
and phase (using GRENOUILLE 15–40 USB (Swamp Optics LLC, Atlanta, GA, USA)), as
shown in Figure 3. The pulse FWHM, as determined by the temporal profile (Figure 3b),
is 272 fs. It closely matches the measurement obtained from the autocorrelation trace,
confirming its representativeness.
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Figure 3. (a) Retrieved GRENOUILLE trace with raw data (inset). (b) Pulse temporal intensity profile
(blue) and measured phase (orange) with parabolic fit (purple).

A slightly more detailed consideration of the phase is necessary. As mentioned in the
introduction, the similariton generation regime is distinguished by a linear positive chirp,
meaning that the instantaneous frequency is a linear and increasing function. As a reminder,
the phase is the integral of the instantaneous frequency over time. Consequently, it should
have the form of a parabolic function with upward branches for similariton pulses [37].
The measured phase corresponds exactly to the case considered above. Therefore, we
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can unambiguously state that the generation regime under study is similariton-like. The
maximum average output optical power was ~3.2 mW at a 450 mW pump power; this
means that the pulse energy was about 0.376 nJ and that the peak power was 1.25 kW.
A further increase in the peak power may be achieved by using an erbium-doped fiber
amplifier (EDFA) after the laser cavity.

To evaluate the frequency stability of the obtained regime, using the HCA-S-200M In-
GaAs photodetector (FEMTO, Berlin, Germany) and the ESA FSL 3 model.03 RF spectrum
analyzer (Rohde&Schwarz GmbH&Co. KG, Munich, Germany), we measured the radio
frequency (RF) spectrum presented in Figure 4. The RF spectrum within the fundamental
pulse repetition rate, which is ~8.5 MHz, was measured with a resolution of 300 Hz, and
indicates a signal-to-noise ratio (SNR) of 60 dB with excellent pulse-to-pulse regime stability.
The full-range RF spectrum (9 kHz–200 MHz) was measured with a 10 kHz resolution and
showed no Q-switch laser operation and the absence of spurious frequency modulations.
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Figure 4. RF spectrum of the output pulse train at the fundamental repetition frequency and RF
spectrum at the full frequency range (inset).

The output pulse train (obtained with an Infinium MSO9254A oscilloscope (Keysight
Technologies, Santa Rosa, CA, USA)) is shown in Figure 5a, inset, and also shows no
spurious modulations of the radiation intensity in the obtained regime. To quantify the
long-term intensity stability, we measured (with a PM200 power meter (Thorlabs GmbH,
Dachau, Germany)) the average output optical power stability for 12 h, and the graph of
this measurement is presented in Figure 5a. The standard deviation was ~1% RMS. This
value for mode-locked fiber lasers was mainly due to the lack of thermal stabilization of
the system and, as a consequence, the thermal drift of the average output power.

In order to characterize short-term regime stability, we measured the RIN of the USP
fiber laser and the noise floor of the receiving system, which includes a photodetector
(PD) and an electrical spectrum analyzer (ESA). Figure 5b shows the RIN in the range of
30 Hz–100 kHz (obtained with the ESA SR770FFT (Stanford Research Systems, Sunnyvale,
CA, USA) at 250 Hz resolution), where peaks at 30, 59 and 78 kHz may be observed. They
are due to external radio-frequency interference. The minimal observed RIN value of the
laser is <−120 dBc/Hz. The RIN in the range of 9 kHz–1 MHz (obtained with the ESA FSL
3 model.03 RF spectrum analyzer (Rohde&Schwarz GmbH&Co. KG, Munich, Germany)
at 300 Hz resolution) is demonstrated in Figure 5b, inset, and corresponds to a maximum
noise level of <−102 dBc/Hz, ensured mainly by the noise floor of the receiving system
and signal normalization to the carrier.
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Figure 5. (a) Average output optical power and typical pulse train (inset). (b) RIN of the USP fiber
laser and the receiving system noise floor at a low frequency range and RIN at a high frequency range.

To consider the evolution of the pulse, the SMF-28 fiber stretcher–compressor was
connected to the output of the laser, then we measured the optical spectrum and the
intensity autocorrelation at various fiber lengths and plotted the studied pulse evolution
during the propagation of radiation along the fiber using interpolation. The initial fiber
length was 22 m, which is slightly greater than the length of the SMF-28 resonator section,
and the minimum length of the compressor, due to the features of the measuring circuit,
was ~3 m. Figure 6 shows the experimental results for the spectrum evolution, as well
as the intensity autocorrelation trace of the obtained regime depending on the length of
the fiber compressor length, which, as could be noticed, after passing the extremum point,
begins to play the role of a stretcher. The radiation leaves the resonator after 6.09 m EDF
with normal dispersion and 1.02 m SMF-28 fiber with anomalous dispersion, and, as a
result, it has strong positive chirp, which is compensated by a fiber compressor up to a
certain point.
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The evolution of the pulse duration (Figure 6a) is quite even. Distributed in a medium
with an anomalous GVD, the pulse is compressed to ~294 fs over a fiber length of ~5.1 m,
after which it expands relatively evenly. The evolution of the spectrum (Figure 6b) demon-
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strates a periodic shift of the emission intensity peak from the central wavelength of
1530 nm to 1540 nm and back. In our opinion, this is due to the effect of the four-wave
mixing process. It should also be noted that the generation regime did not change during
the experiment.

Figure 7 shows a comparative picture of the evolution of the pulse duration and
spectrum width at FWHM. In general, the expansion and narrowing of the spectrum is
similar to the compression and stretching in the time domain. However, these two graphs
have some discrepancies at certain points. We believe that the reason for this is the process
of spectral redistribution of energy caused by the effect of four-wave mixing as the pulse
propagates in the output fiber.
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According to these results, we can see that the evolution of the spectrum and the pulse
duration strongly correlate with each other. The narrowing of the optical spectrum after
maximum pulse compression is caused by an imbalance between self-phase modulation
(SPM) and anomalous dispersion. The pulse energy at the cavity output is moderate;
therefore, when the pulse temporally expands, its low peak power becomes even lower,
and self-phase modulation, which determines the number of spectral components of the
radiation, decreases. It should also be noted that these graphs characterize the evolution
of pulses inside the resonator in the SMF-28 section (between the coupler and the first
WDM) with respect to the radiation pulse power. These experimental data were used for
verification of a numerical model.

4. Numerical Modeling and Discussion

To obtain deeper insight into the working principle and lasing dynamic, a numerical
model based on the modified NLSE solved by the split-step Fourier method was constructed
to introduce the propagation of ultrashort pulses in active and passive fibers [38].

∂A
∂z

= −i
β2

2
∂2 A
∂t2 + iγ |A|2 A +

ĝ(λ)
2

A(z, t)− α

2
A(z, t), (1)
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where A is the slowly varying amplitude of the pulse envelope, z is the propagation
parameter, β2 is the second-order dispersion, t is the time parameter, γ is the nonlinear
parameter, α is the loss and ĝ(λ) is the gain, which is given by the following equation:

ĝ(λ) =
g0(λ)(

1 + E0
Esat

) , (2)

where g0(λ) is the small signal gain and Esat is the saturation energy of the active fiber,
and E0 was calculated by E0 =

∫
|A|2dt. The parameters of the input field and fiber

characteristics for numerical simulation are presented in Table 1.

Table 1. Parameters of the input field and fiber characteristics for numerical simulation.

Parameter, Unit SMF-28 CS980 EDF

β2, ps2/m −0.022 0.0028 0.0696
γ, 1/W·m 0.001 0.00346 0.00346
α, dB/m 0.00017 0.0002 0.00025

Gain (g), 1/m 0 0 20
Length, m 18.21 2.044 6.09

The output pulses of the simulated system are taken from the coupler with a transmis-
sion function q = (1 − Rout − a), where Rout is the coupling efficiency and α is the internal
loss of the coupler. WDM was considered as a spectral filter with Ω = 30 nm bandwidth
and a Gaussian transmission function in the frequency domain described as follows:

K(w) = exp

(
− (w − w0)

2

2Ω2

)
. (3)

The effect of the C: BNNTs and NPE were considered as time-domain filters with
transmission functions based on the characteristics of SAs. A slow saturable absorber might
be described by the following transmission function:

dqC:BNNT
dt

= −q
(

1 − ∆C:BNNT
τ

)
− q

|A|2/Pabs

, (4)

where ∆C:BNNT is the modulation depth, Pabs is the saturation power and τ is the relaxation
time of the C:BNNTs. For NPE, we used the following transmission function:

qNPE =
∆NPE

1 + |A|2
Pabs

. (5)

The parameters of the resonator components specified in the mathematical model are given
in Table 2.

Numerical results were recorded after 1000 cavity round trips starting with an input
field as a random distribution of energy over the time window. Figure 8 shows the
spectral (a) and temporal (b) distributions of the output field intensity, with a time grid
equal to 100 ps and a wavelength grid equal to 150 nm. The number of grid points was set
as 213, leading to temporal and spectral resolutions equal to 12 fs and 18 GHz, respectively.
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Table 2. Parameters of resonator components.

Element Parameter Value

C:BNNTs
Modulation depth 0.3

Saturation power, W 3
Recovery time, ps 0.25

Coupler Coupling ratio 20/80
Internal loss 0.005

WDM Filter bandwidth, nm 30

NPE
Saturation power, W 1000

Modulation depth 0.1
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Looking at the obtained results, one may observe the formation of a two-pulse mode,
which evolves into a single-pulse mode and stabilizes after ∼300 round trips at a center
wavelength equal to 1530 nm corresponding to the gain of EDF as an active medium. The
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shift of pulse positions within a time window (Figure 8b, x-axis) is determined by the time
it takes for the pulse to travel around the resonator, i.e., the length of the cavity. The average
output power of the stable pulses (Figure 8c) was calculated by P = frep

∫
|A(t)|2dt, and it

was equal to 3.2 mW for frep = 8.5 MHz.
The output peak power in the numerical model is close to the saturation power of

C:BNNTs. Therefore, the nanotubes induce modulation instability in the NLSE solution.
This instability results in the appearance of wings on the optical spectrum below the
−40 dBm level (spikes in Figure 8a) and fluctuations in the output power within 0.2% of
the average level (Figure 8c). The period of instability emergence in the simulation results
is 38 round trips.

Moreover, in the evolution of the chirp parameter with respect to the propagation
length of the laser components, shown in Figure 9a, chirp can be detected by the rate of
change in the instantaneous frequency pulse evolution (which essentially represents the
temporal derivate of the oscillation phase). The time grid is equal to 60 ps to cover all the
changes throughout the simulation process.
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This evolution indicates that the pulse leaves the cavity of the resonator with positive
sign net chirp. Also, it could be noted that the chirp keeps its positive value along with
the propagation in all cavity components, which ensures that the generation regime is a
similariton regime [39]. Now, along one round trip of the cavity, chirp has been represented
at three points within the propagation length in order to investigate the effect of chirp on
the duration of the pulse (Figure 9b). It could be noted that the positive chirp becomes
much stronger in the EDF, causing an increase in pulse duration (yellow line in Figure 9b).
However, within the propagation in the SMF-28 compressor after the laser cavity, the chirp
reaches its minimum value and the rate of change in instantaneous frequency corresponding
to the same time domain of the pulse is much less than its value in the cavity (red line in
Figure 9b). These results show the ability to compensate for the positive pulse chirp in
order to obtain a minimum pulse duration, which was obtained with the minimum positive
value of the chirp—in other words, when the instantaneous frequency and the spectral
phase of the pulses were nearly equivalent to a constant value.

To obtain complete knowledge of the laser’s operation, the model introduced the
evolution of pulse duration and optical power as a function of the position in the laser
cavity, as shown in Figure 10. The pulse duration evolution indicates a decrease in τ
within a propagation in the SMF-28 fiber until it reaches a minimum value (330 fs) before
the pulse starts to propagate in highly positive sign chirp fibers. The maximum value of
τ ∼ 2.24 ps is at the end of propagation in normal dispersion fibers (under the maximum
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value of positive chirp). The pulse compression factor, which is the ratio between the
maximum and minimum pulse duration in the cavity, is approximately 7, which ensures
the main involvement of the dispersion map and chirp in the pulse shaping mechanism.
The demonstrated pulse duration evolution is identical to the similariton pulse duration
evolutions in [40,41] and reasonably agrees with the experimental results. The numerical
results of the investigation indicate the possibility of using SMF-28 to compress pulses. The
SMF-28 fiber outside the cavity compresses the pulse duration from τ = ∼1.3 ps at the
resonator output to 302 fs at the compressor length of ~4.6 m. These results also correlate
with what was obtained experimentally. Figure 10b shows the increase in optical power
along the propagation in the EDF due to the gain coefficient. Optical losses in all fibers
(Table 1) and the optical components were considered. Finally, the optical pulse propagates
in the 20% port of the coupler. The final optical power is ~3.2 mW.
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5. Conclusions

In summary, we obtained a similariton regime generated by a 26.5 m long resonator
with a normal total net-cavity dispersion of β2 = +0.025 ps2, with a similariton-like spectrum
with an FWHM of 31.5 nm, a pulse duration of ~294 fs after compression, and a fundamental
repetition rate of 8.5 MHz. The RF spectrum of the radiation corresponds to an SNR of 60 dB
at the fundamental repetition frequency. The standard deviation of the average output
optical power is about 1% RMS in 12 h of measurement, and the RIN does not exceed
<−120 dBc/Hz at the 30 Hz–1 MHz frequency range. For such a regime, we investigated
experimentally and numerically the evolution of spectrum and pulse duration in the fiber
with anomalous GVD. The dynamics of changes in pulse duration were uniform. We
have experimentally shown that a pulse with a duration of ~1.6 ps first compressed to
~294 fs with an ~5.1 m length of fiber and then stretched to ~3.2 ps, while according to
the numerical simulation, the pulse had an initial duration of ~1.3 ps and compressed
to 302 fs at a length of 4.6 m. The difference between the numerical and experimental
results is in a reasonable range and may be explained by the absence of some factors in
the model, such as high-order dispersion parameters with respect to the high peak power
pulse propagation in the laser resonator. The evolution of the optical spectrum showed
a periodic shift of the intensity maximum from the central wavelength of 1530 nm to the
region of 1540 nm because of the effect of four-wave mixing. Pulse dynamics inside the
cavity, studied within the model, fully correspond to the regime of similaritons. In this case,
the minimum pulse duration inside the resonator is located at the interface between fibers
with normal and anomalous dispersion and is 330 fs. Thus, we believe that the study sheds
light on the processes of the formation and evolution of similaritons both inside a laser
cavity and during propagation in a medium, and we anticipate that this investigation will
expand knowledge of the similariton generation mechanisms and provide a clear view of
the demonstration and parameter control of USP lasers with normal net-cavity dispersion
and a hybrid mode-locking process.
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