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Nyquist pulses have wide applications in many areas, from electronics to optics. Mode-locked lasers are ideal plat-
forms to generate such pulses. However, how to generate high-quality Nyquist pulses in mode-locked lasers remains elusive.
We address this problem by managing different physical effects in mode-locked fiber lasers through extensive numerical
simulations. We find that net dispersion, linear loss, gain and filter shaping can affect the quality of Nyquist pulses sig-
nificantly. We also demonstrate that Nyquist pulses experience similariton shaping due to the nonlinear attractor effect in
the gain medium. Our work may contribute to the design of Nyquist pulse sources and enrich the understanding of pulse

shaping dynamics in mode-locked lasers.

Keywords: mode locking, laser, soliton, fiber, pulse

PACS: 42.55.Wd, 42.60.Fc, 42.65.Re, 42.65.Re

1. Introduction

A Nyquist pulse is a kind of signal source that satisfies
the Nyquist criterion!! due to its zero intersymbol interfer-
ence. Due to the rectangular-shaped spectrum and sinc-shaped
temporal waveform, Nyquist pulses have high value in mod-
ern communication technology, from electronic communica-
tions to optical communications and ultrafast science. For ex-
ample, in the field of optical communications, >~ Nyquist
pulses can increase the bandwidth of the systems.[!®! Various
studies on Nyquist pulses have been reported.[!7->!! Near-ideal
Nyquist pulses can be generated by electrical methods with
the help of an arbitrary waveform generator.!??! Due to its un-
matched performance, passive mode-locking technology has
developed rapidly over the past few decades.>3>-26! Nyquist
pulses can also be generated in passively mode-locked fiber
lasers by spectral filtering effects.!!'”! A passively mode-locked
fiber laser is a dissipative system composed of nonlinearity,
dispersion, loss, gain, and a saturable absorber effect;[271 all
these effects are crucial to pulse shaping in the laser. An ex-
cellent work revealed that Nyquist pulse shaping can be af-
fected by the bandwidth and shape of the spectral filter.[!"]
However, it is still elusive whether other effects affect Nyquist
pulse shaping in mode-locked lasers.

In this work, we demonstrate that the quality of a Nyquist
pulse can be significantly affected by the dispersion, linear
We also dis-
cover that the ideal Nyquist pulse experiences a state transi-

losses and gain in mode-locked fiber lasers.
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tion during intracavity evolution. A similariton is generated in
the erbium-doped fiber (EDF) segment, and it changes into an
ideal Nyquist pulse after passing the rest of the cavity.

2. Numerical modeling
A Nyquist pulse in the time domain is written as follows:
sin (%’) cos (—Zth>
r(t) = —g 20
T )
™

where T, is the pulse duration between zero crossings, and f3 is

ey

called the roll-off factor and has values in the range of O to 1.
The sine-shaped Nyquist pulse (8 = 0) is an ideal pulse source
due to its rectangular spectrum and zero roll-off.

Figure 1(a) depicts a schematic of the passively mode-
locked fiber laser. The 1.5-m erbium-doped fiber (EDF) is the
gain medium; an isolator (ISO) is employed for unidirectional
operation, and a spectral filter (SF) is used for Nyquist pulse
shaping. The pump power is coupled into the cavity through
a wavelength division multiplexer (WDM), and the signal is
coupled out using an output coupler (OC). Mode locking is
realized by a nonlinear polarization rotation (NPR) device.

To give an accurate description of the pulse propagation
in the cavity, we utilize the discrete model of the nonlinear
Schrodinger equation (NLSE)[?®]
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where U(z,t) represents the slowly varying amplitude of the
pulse envelope, which is the function of the propagation dis-
tance z and time ¢; 3, is group velocity dispersion (GVD). We
take B, = 65 ps®>-km~! and —22.5 ps>-km ™! for the EDF and
the SMF, respectively; 7 is a nonlinear coefficient, and we take
y=8W !.km 'and y=1.5W~!.km~! for the EDF and the
SMF, respectively; €2, = 50 nm corresponds to the full width
at half maximum (FWHM) of the gain profile; g denotes the
small signal gain of the EDF, which can be expressed as

g=—0_ 3)
1+E

where go = 1800 km~! is the small signal gain at a central
wavelength of 1550 nm, E, = [ |U(t)|*dt is the pulse energy,
and Eg, is the gain saturation energy.

The NPR device can be considered as a saturable absorber
(SA), whose transmissivity is given by a monotonically in-
creasing transfer function

T= [1—gqu-r"—, o
[Ha}

where P is instantaneous pulse power; Py, is the saturation

power; g and gy are the modulation depth and the unsaturable
loss, respectively.

In the cavity, the SF plays a spectral shaping role, which
is crucial for Nyquist pulse shaping. After filtering, the spec-
trum of the amplified pulse has two sharply decreasing edges
and a tunable top, which is given by

09

@
e (of o < 52,

F(0)= 5)

0, otherwise.
In Eq. (5), Aw denotes the filter bandwidth; a > 0 (a < 0)
yields a convex (concave) Gaussian top, whose curvature is
defined by the absolute value of . As o = 0, the SF can be
regarded as a gate function.

(2) Pump

Nonlinearity

Dispersion (self phase modulation)

)

"Loss

Fig. 1. (a) A schematic of the simulated fiber ring-cavity laser. (b) The
governing law of the Nyquist pulse generation in the laser.

3. Simulation results and analysis

A split-step Fourier method has been employed as a nu-

1.12°1 The simulation starts from an initial chirp-

merical mode
free Gaussian pulse with a pulse width of 1 ps and peak power
of 100 W centered at 1550 nm. By carefully setting the param-
eters, a stable sinc (8 = 0) Nyquist pulse train can be generated
after about 3000 roundtrips, as shown in Fig. 2. Specifically,
we set Poyy =28 W, Egyt = 65 pJ, and fix both parameters of the
modulation depth and unsaturable loss at 0.2. A linear loss of
0.44 is considered. In addition, the net dispersion of the laser
is 0.077 ps?, which is realized by setting the SMF length at
0.9 m. The SF’s bandwidth is 7 THz (AA =~ 9 nm), and o =0

(Eq. (5)).
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Fig. 2. Characteristics of the output Nyquist pulse in the time domain (a)
and frequency domain (b).

3.1. Effects of net dispersion

Firstly, we fix the other parameters, and change the length
of the SMF to investigate how the intracavity dispersion af-
fects the properties of the generated Nyquist pulse. The simu-
lation results are shown in Fig. 3. As we can see, together with
the decrease in the fiber length from 2 m to 0.4 m, the intra-
cavity dispersion rises up from 0.053 ps? to 0.089 ps?, which
slightly enhances the bottom oscillation of the Nyquist pulse
[Figs. 3(a), 3(c) and 3(e)]. Moreover, with the increase in the
total dispersion, there is an interesting phenomenon observed,
where the top of the Nyquist pulse spectrum goes through a
transformation from the “convex top” to the “concave top”
[Figs. 3(b) and 3(f)]. Notably, in the process of the transfor-
mation, we are able to achieve a nearly sinc-shaped Nyquist
pulse by controlling the fiber length, as shown in Fig. 3(d).
The temporal waveform gradually approaches the ideal sinc
function as the corresponding spectrums are close to flat-top.

To describe the deviation of the output pulses from the
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ideal Nyquist pulse, we introduce the misfit parameter M, 1!

W2 - QP —1x)do|
[l do ~

where v is the waveform of the output pulse; and y repre-

(6)

sents the ideal Nyquist pulse. We calculate the misfit param-
eter between numerical spectrums and standard rectangular
fits. Here, M = 0.0016 for net dispersion of 0.0525 psz, M=
0.0022 for net dispersion of 0.0885 ps?, and M = 8.5 x 10~*
for net dispersion of 0.07725 ps?, which means the simulation
is in good agreement with the theoretical fit.
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Fig. 3. Blue solid line: the temporal (left side) and spectral (right side)
profiles of the Nyquist pulse generated under different intracavity disper-
sion. Red dotted line: the sinc-shaped Nyquist pulse (8 = 0). [(a) and
(b)] The 2-m SMF corresponds to intracavity dispersion of 0.053 ps.
[(c) and (d)] The 0.9-m SMF corresponds to intracavity dispersion of
0.077 psz. [(e) and (f)] The 0.4-m SMF corresponds to intracavity dis-
persion of 0.089 ps?.

3.2. Effects of cavity linear loss and gain

We also study the effects of the linear loss on the output
Nyquist pulse. In the calculation, we choose three different
coupling ratios of the OC (0.42, 0.48 and 0.54) to control the
loss. The other parameters are the same as those used in Fig. 2.
The results are shown in Fig. 4. With the increase in the in-
tracavity loss, in the spectrum domain, a convex top shows up
and has a gradually growing curvature. The misfit parame-
ter M = 0.0013, M =9.81 x 10~* and M = 6.371 x 10* in
Fig. 3(b), 3(d), and 3(f), respectively.

We also demonstrate the effects of the pump energy. The
gain saturation energy is adjusted from 50 pJ to 75 pJ, and a
similar variation trend is found as before. As shown in Fig. 5,
a concave top spectrum is obtained under Egy; = 50 pJ; with
the growth of Ej,, the top of the spectrum gradually curves in
the opposite direction against the effects of linear loss.
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Fig. 4. Blue solid line: the temporal (left side) and spectral (right side)
profiles of the Nyquist pulse generated under different linear losses. Red
dotted line: the ideal Nyquist pulse. [(a) and (b)] Linear loss = 0.42. [(c)
and (d)] Linear loss = 0.48. [(e) and (f)] Linear loss = 0.54.
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Fig. 5. Blue solid line: the temporal (left side) and spectral (right side)
profiles of the Nyquist pulse generated under different Eg,. Red dotted
line: the ideal Nyquist pulse. [(a) and (b)] Eg = 50 pJ. [(c) and (d)]
Esar = 65 pJ. [(e) and ()] Egae =75 pJ.

4. Similariton shaping in the Nyquist pulse laser

It has been reported that a pulse can be transformed to be
a similariton*%-33) in the gain medium with normal dispersion
due to the nonlinear attractor effect.3®) We also find that the
Nyquist pulse becomes a similariton during the propagation in
the EDF. Figure 6(a) shows the temporal evolution of the ini-
tial pulse in one roundtrip. As we can see, after the OC, we
can obtain a near-ideal Nyquist pulse, as shown in Fig. 6(c).

However, the pulse in the cavity does not evolve into a
Nyquist pulse directly, but undergoes a similariton shaping
process in the EDF due to the above-mentioned nonlinear at-
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tractor effect, as shown in Fig. 6(b). For a clear compari-
son, pulse waveforms after the EDF and OC are fitted via a
parabolic function as a red dotted line, and a sinc function as
a black dotted line, as shown in Figs. 6(b) and 6(c). It is ap-
parent that the pulse passing through the EDF is close to being
parabolic, and far away from the sinc function. By contrast,
the output Nyquist pulse does not have a parabola shape.

SA
10f----Parabolic fits

. -=--Sinc fits
2 8
=]
=]
,D. 6
o
]
~ 4
—
=
22

0

-3
(C) 8 T T

— Output waveform
----Parabolic fits

2 6 ~~--Sinc fits
R
=1
=]
a 4
-
&
s 2
IS

0

Time (ps)

Fig. 6. Temporal evolution (a) of a pulse in one roundtrip. (b) The pulse
waveform in the EDF. (c) The output Nyquist pulse: the red dotted line
denotes parabolic fits, and the black dotted line is sinc-function fits.

5. Conclusion

In summary, we have numerically investigated the condi-
tion of the Nyquist pulse generation in a fiber ring-cavity laser.
We find that the quality of Nyquist pulses depends on four ef-
fects: gain, dispersion, linear loss and spectral shaping. We
also show that Nyquist pulses suffer from similariton shaping
in the gain medium due to the nonlinear attractor effect.
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