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School of Physical Science and Technology, Inner Mongolia University, Hohhot 010021 China

(Received 16 August 2019; revised manuscript received 13 September 2019; accepted manuscript online 14 November 2019)

The propagation characteristic of two identical and parallel dark solitons in a silicon-on-insulator (SOI) waveguide
is simulated numerically using the split-step Fourier method. The parallel dark solitons imposed by the initial chirp are
investigated mainly by changing their power, their relative time delay. The simulation shows that the time delay deforms
the parallel dark soliton pulse, forming a bright-like soliton in the transmission process and making the transmission quality
down. By increasing the power of one dark soliton, the energy of the other dark soliton can be increased, and larger increase
in a soliton’s power leads to larger increase in the energy of the other. When the initial chirp is introduced into one of the
dark solitons, higher energy consumption is observed. In particular, positive chirps resulting in pulse broadening width
while negative chirps narrowing, with an obvious compression effect on the other dark soliton. Finally, large negative
chirps are found to have a profound impact on parallel and nonparallel dark solitons.

Keywords: silicon-based optical waveguide, dark soliton, nonlinear effect, interaction
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1. Introduction

Silicon-on-insulator (SOI) waveguides are the main me-
dia used for silicon photonics research.[1] Because of the re-
fractive index mismatch in the SOI waveguide core layer, light
can be restricted to a small core layer, resulting in strong non-
linear optical effect, which enables us to realize a variety of
optical functions in a very short length. It is expected that
optical integrated chips will replace traditional chips and im-
prove operational efficiency.[1–6] As integrated optical devices,
SOI waveguides provide many advantages over traditional op-
tical materials from production to applications. Firstly, the
fabrication process of SOI devices is compatible with that of
standard silicon complementary metal oxide semiconductors
(CMOSs),[1,2] which has low costs and large scale. Secondly,
SOI devices have a small size, small loss, good mode charac-
teristics and polarisation, large transmission bandwidth, good
thermal conductivity, and fast transmission speed.[6] Thirdly,
they exhibit optical effects such as two-photon absorption,
free-carrier absorption, and dispersion, which do not occur in
traditional waveguides.[6,7] These advantages have led to re-
cent advances in optical detectors[8] and photodiodes.[9] De-
sign of ridge waveguides allows a quicker dissipation of free
carriers, thus reducing their effect, and can combine metal p–
i–n and waveguide structures, facilitating voltage loading.[10]

A dark soliton is a local pulse whose intensity decreases
rapidly in the continuous wave background. Dark soliton
pulses are stable and highly resistant to noise and losses in

waveguides. Dark solitons have smaller amplitude attenuation
rate, pulse width growth rate, and Gordon–Haus effect[11] than
bright solitons,[12–16] and exhibit high code rate and good self-
recovery. Therefore, they have attractive prospects in long-
distance and large-capacity communication. Since 1987, dark
soliton pulses have been transmitted successfully in optical
fibres,[17] fibre lasers,[18,19] and quantum dot lasers.[20] Today,
their transmission in SOI devices is actively studied. In this pa-
per, two parallel dark solitons’ transmission characteristics are
simulated by MatLab. We study and illustrate the new pulse
characteristics which are different from previous studies. The
new pulse states of parallel dark solitons in SOI with different
time delays, powers and chirps are investigated.

2. Theoretical model

The interaction characteristics of co-directional pulses
transmitted in SOI devices can be expressed by the following
nonlinear Schrödinger equations:[21–23]
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where A1 and A2 are the slow-varying envelope amplitudes
of the input waves in the same direction, z is the transmis-
sion distance, β2 and β3 are the dispersion coefficients of
second and third orders, respectively, T is the time parame-
ter under the reference frame of the group velocity, k0 is the
wave vector, αl is the linear loss coefficient, with a numer-
ical value of 0.2 dB/cm, αfc is the free carrier loss coeffi-
cient, which can be obtained from the formula αfc = σNC, and
σ ≈ 1.45×10−21 m2 is the free carrier absorption coefficient.
Here nfc is the change in refractive index caused by a free car-
rier, which can be obtained from the formula nfc = 2kcNC,
and kc = 1.35× 10−27 m is the wavenumber of the free car-
rier; γ is the nonlinear coefficient obtained from the formula
γ = n2k0/Aeff + iβTPA/Aeff, and n2 ≈ 6× 10−18 m2/W is the
Kerr coefficient. Finally, NC is the average free carrier concen-
tration generated by two-photon absorption. The average free
carrier concentration evolution is described by the following
equation:[24]

dNC(z,T )
dT

=
βTPA

2hv0A2
eff
|A(z,T )|4− NC(z,T )

τeff
, (2)

where h is the Planck constant, v0 is the photon frequency,
βTPA is the two-photon absorption coefficient, Aeff is the effec-
tive module area, A(zT ) is the total field distribution, and τeff is
the free carrier lifetime. The nonlinear effects in a waveguide
are mainly the Kerr effect and two-photon absorption. Because
the pulse width is larger than 100 fs, dispersions above the
third order and the self-steepening effect of the Raman sum are
not discussed. The parameter ρ is the silicon material property
parameter, and its numerical value is 1.27.

3. Numerical simulation and analysis
The numerical simulation of a ridge SOI was carried out

based on the waveguide structure shown in Fig. 1. The incident
light propagates along the z-axis of the waveguide with po-
larization along the x-axis, satisfying the condition of normal
dispersion. We selected waveguide length L = 5 mm, width
W = 1 µm, height H = 0.6 µm, and etching depth h = 0.3 µm
to ensure the accuracy of simulation. The initial input pulse
is produced by two-dark solitons of the same frequency; the
pulse wavelength is λ = 1550 nm and the pulse width is 250 fs.

The two-pulse envelope waveforms can be expressed as
follows:

A1 =
√

P1 tanh((T − τ/2)/T0),

A2 =
√

P2 tanh((T + τ/2)/T0),

where P1 and P2 are the input powers of the two input pulses,
τ is the time delay between the two input pulses, and T0 is the
pulse width. The set parameters are as follows: β2 = 30 ps2/m,
β3 = 0.6 ps3/m, τeff = 1 ns, and βTPA = 5× 1012 m/W. The

group refractive index in the x direction is n = 3.26 and the
initial power is 20 W.

W

x z

Si

SiO2

y

H
h

Fig. 1. Schematic of the silicon-based optical waveguide structure.

3.1. Effect of the time delay

The two dark soliton pulse width and input power are kept
to be unchanged. Only the input time delay was changed and
was selected as 0 ps, 0.3 ps, and 3 ps for the coaxial condition,
small time delay, and large time delay, respectively. The time-
domain transmission waveform obtained from the numerical
simulation is shown in Fig. 2.

From Figs. 2(a) and 3(a), it can be seen that when the
two solitons are coaxial, the background power of the coupled
pulse increases to 40 W and then decreases rapidly due to the
influence of two-photon and free-carrier absorptions. As the
transmission distance increases, grey-like solitons appear on
both sides, accompanied by front and rear edge oscillations.
Dark solitons A1 and A2 also produce gray-like solitons, and
A2 has a narrower pulse and smaller oscillation than A1. When
the time delay is 0.3 ps, the initial background power of the
coupled pulse is 40 W, but the initial blackness value of the
coupled pulse is insufficient due to the time delay, the soliton
becomes a grey one, and the pulse width is increased signif-
icantly. The hump at the trailing edge has a significant peak
increase after transmitting a distance. During its transmission,
the position of dark soliton A1 is offset on both sides relative
to that of the grey soliton. The peak value of the front hump
is always higher than that of the back one, and bright soli-
tons tend to be formed. The main pulse of A2 is compressed
and induced to move backward because the peak value of the
back-edge hump increases in the first 2 mm. Consequently, the
main pulse broadens and the energy concentrates at the back-
edge hump. Between 2 mm and 5 mm, the main pulse and the
rising back-edge hump are gradually affected by dispersion,
the grey level and peak value are lost, and the total energy of
the dark soliton A2 is focused along the grey soliton and con-
tinues to be transmitted. As shown in Figs. 2(c2) and 2(c3),
when τ = 3 ps, A1 and A2 are transformed into light-dark soli-
tons with a time delay, and the light-dark solitons have the
same pulse width. From Figs. 3(c2) and 3(c3), it can be seen
that the parallel pulses are bright-like solitons formed by the
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Fig. 2. The time-domain transmission of dark solitons with different time delays: (a) τ = 0 ps, (b) τ = 0.3 ps, (c) τ = 3 ps, for (1) the two-pulse
coupling waveforms, (2) the transmission waveform of dark solitons A1 in the parallel transmission process, and (3) the transmission waveform
of dark solitons A2 in the parallel transmission process.
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coupling of dark solitons with the time parameter of the other
dark soliton, similar to the rise of dark solitons along the hump
under the condition of small time delay. Owing to dispersion,
the bright and dark solitons broaden, and the trailing edge os-
cillation generated by the leading A2 shifts to the trailing edge
of the generated bright solitons. From Figs. 2(c1) and 3(c1), it
can be seen that the coupled pulse changes into a parallel dark
soliton with time delay under conditions. Owing to losses and
nonlinear effects, the energy gradually loses and the grayscale
decreases. By comparing Figs. 3(c2) and 3(c3), it can be ob-
served that the peak value of the bright-like soliton produced
by A2 is significantly higher than that of A1, so the coupling
pulse eventually behaves as a bright soliton with greater time
delay.

3.2. Influence of solitons power

In the simulation, we set the two dark solitons such that
the zero-time-delay condition is maintained, kept the power of
the dark soliton A1 unchanged at 20 W, set the power of the
dark soliton A2 to 20 W, 40 W, and 60 W, and simulated the
transmission waveform of dark soliton A1. Then, we changed
the power of dark soliton A1 to 40 W and 60 W and simulated
the transmission waveform of the dark soliton A1 with the nine
power combinations.

From Figs. 4(a1), 4(b1), and 4(c1), it can be seen that
with increasing P1, the background of dark soliton A1 darkens
and its energy decreases, which indicates that the two-photon
absorption is affected by the power and has a significant influ-
ence on the energy of dark solitons. Figure 4 shows a compar-
ison of the energy of dark soliton A1 with different P2 values
and constant P1 value. The figure shows that, as the power of
dark soliton A2 increases, the bright background area of dark
soliton A1 at different powers expands, which corresponds to
an increase in its energy. As shown in Fig. 5, the waveform
at 5 mm indicates that the overall energy of dark soliton A1 is
higher when the power of dark soliton A2 is higher. The energy
of A1 is increased when P2 increases from 20 W to 40 W; the
change in P2 has little effect on the waveform of A1. Under dif-
ferent P2 values, the peak value of the left and right humps of
A1 increase, the pulse width remains almost unchanged, and
the back-edge oscillation waveform generated by third-order
dispersion is almost identical. As shown in Fig. 6, the change
in P2 affects the decay trend in the A1 energy significantly.
When the P2 value is relatively high, the average energy of A1

at each distance is also high. The higher the P2 value is, the
greater the energy increase of A1 is. The increase in P2 from
20 W to 40 W for P1 is significantly greater than that in P2

from 40 W to 60 W.
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Fig. 4. Waveform of dark soliton A1 with different values of P2 for (a) P1 = 20 W, (b) P1 = 40 W, and (c) P1 = 60 W.
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3.3. The effect of chirp

To investigate its effects on the interaction between dark
solitons, an initial chirp is introduced into the A1 pulse. The
waveform of dark soliton A1 when the chirp is introduced can
be expressed as

A1 =
√

P1 tanh(T/T0)exp
(
− iCT 2

2T 2
0

)
,

where C is the chirp parameter. The dark solitons are set to
maintain the zero-time-delay condition, the initial power is set
to P1 = P2 = 20 W, and different C values are taken to simulate
the transmission waveform of A1.

From Fig. 7(a), it can be seen that during the change in
the C value from −0.2 to 0.2, the overall background of the
dark soliton presents a dark-light-dark change trend, i.e., a
low-high-low change in the transmitted pulse energy. From
the comparison of the average energy at each transmission dis-

tance shown in Fig. 9(a) and the change in the A1 energy at
5 mm shown in Fig. 9(c), it can be seen that chirp can cause
the pulse to lose energy and that smaller absolute values of
the chirp parameter cause smaller energy losses. We can com-
pare the energy changes of dark soliton A2 affected by different
chirp parameters A1 in Figs. 9(b) and 9(c). When A1 is chirped,
the energy of dark soliton A2 changes much less than that of
A1. The energy at different transmission distances is almost
constant, and the energy changes at 5 mm fluctuate slightly.

From Figs. 7 and 8, it can be seen that the dark soliton
compresses first and then widens during transmission. Be-
cause the previous two-photon absorption is too intense, the
energy consumption is too large for pulse width broadening,
i.e., pulse compression. Because the two-photon absorption
in the early stage is too intense and the energy consumption
is too large for pulse width broadening, i.e., pulse compres-
sion, after the transmission exceeds 1 mm, the two-photon
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absorption decreases due to the energy reduction, and the
dark soliton begins to broaden due to nonlinear effects. From
Fig. 8(a), it can be seen that the pulse width of dark soliton A1

with a chirp is larger than 250 fs after a 5-mm transmission.
For the pulse width curve of dark soliton A1, the positive chirp
curve is above the zero-chirp curve and the negative chirp
curve is below the zero-chirp curve. The distance between the
negative chirp curve and the zero-chirp curve is determined
by the absolute value of the chirp parameter. The larger the
absolute value is, the closer the chirp curves are. This indi-
cates that positive chirps promote pulse broadening, negative
chirps inhibit pulse broadening, and larger absolute values of
the chirp parameter cause stronger effects on dark solitons. As
shown in Figs. 7(b) and 8(b), the amount of compression of
dark soliton A2 under the influence of different chirped dark
solitons is larger than that of A1. The compression distance of
the A2 pulse is longer than that of the A1 pulse. Although the
A2 pulse broadens in the subsequent transmission process, its
width is less than 250 fs at 5 mm. Furthermore, larger chirp
parameter values lead to larger overall pulse widths. This in-
dicates that, within 5 mm, when one of the two dark solitons
in parallel transmission has a chirp, the other dark solitons are
affected by the compression, and the smaller chirp parameters
cause larger compressions.

From Fig. 7(a1), it can be seen that when the absolute
value of the negative enthalpy parameter reaches a certain
value, an interference wave similar to rogue solitons is gen-
erated. Rogue solitons have attracted extensive attention in
optics[25–27] and fluid mechanics[28,29] in recent years. As
shown in Fig. 10(c), the generated interference wave is a high-
pulse single pulse, and the energy of the pulse front becomes
0. When the absolute value of the negative enthalpy parameter

increases, the position of the interference wave moves towards
that of the main dark soliton pulse. As shown in Fig. 10(a),
when C = −0.5, A1 intersects the interference wave at more
than 3 mm, it is arc-shaped, and is transmitted over the dark
soliton main pulse to the trailing edge. From Figs. 10(b) and
10(c), it can be seen that dark soliton A2 is greatly affected
by the strange wave at depths of more than 3 mm, and the ef-
fective transmission distance reduces and gradually becomes
a small oscillation of the background energy.
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4. Conclusion
Two parallel dark soliton pairs propagate differently in a

silicon-based optical waveguide, with one dark soliton having
a narrow pulse width and a small oscillation. By introduc-
ing a time delay, the original pulse shape of the input dark
soliton disappears and a bright soliton-like pulse is generated,
which will shorten the effective transmission distance of the
dark soliton. The input power of one of the dark solitons af-
fects the average energy of the other, with larger powers lead-
ing to higher energies of the other dark soliton and stronger
lifting effects. If the value of chirp parameters increases, it
will lead to larger broadenings and cause higher energy con-
sumption. However, the energy of the parallel dark solitons
has a slight impact, and the parallel dark soliton is compressed.
Smaller chirp parameters lead to larger compressions. When
a negative chirp is too large, a special interference wave will
be generated in the dark soliton background, which will have
destructive effects on the parallel dark solitons.
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