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Abstract—The picosecond pulse can be directly generated in
the integrated mode-locked laser, which reduces the size of light
source to the optical chip. However, it is still a challenge to directly
generate femtosecond pulses in the integrated scheme. In this work,
we theoretically propose nearly self-similar pulse compression in
the silicon/silicon nitride horizontally slotted waveguides (Si-Si3N4

HSWs) that the femtosecond pulse can be acquired without as-
sistance by active components. Our scheme consists of the single
pulse compression, high-repetition-rate pulse train compression
and two pulses combination and compression. For the single pulse
compression, the input pulse can be compressed from 1 ps to
82.6 fs with a remarkable compression factor of 12.11. Moreover, we
present a favorable approach of pulse parameter equations (PPEs),
which provides the theoretical results in much shorter calcula-
tion time. Furthermore, we achieve the higher-peak-power pulse
train compression and two pulses combination and compression
in the same Si-Si3N4 HSWs, which accompanies with an impres-
sive compression factor of 30.56 and 4.97. Eventually, self-similar
pulse compression provides valid guidance for the integrated pulse
compressor in the experimental endeavors.

Index Terms—Integrated optics, nonlinear optics, self-similar
pulse compression, silicon photonics.

I. INTRODUCTION

CHIP-SCALE ultrashort pulse generation has attracted in-
tense attentions owing to their revolutionary applications

in optical atomic clocks, spectroscopy, frequency conversion and
optical computing [1], [2], [3], [4], [5]. Mode-locked lasers sup-
plies a platform for generating the coherent and precisely spaced
ultrashort pulses. Nevertheless, the integration of mode-locked
lasers faces the challenges related to the typically low peak
powers and limited controllability. Recently, Guo et al. illustrates
an electrically pumped actively mode-locked lasers through hy-
brid integration with the III-V semiconductor optical amplifier,
which produces near 4.8 ps output pulses with a repetition rate of
10 GHz [6]. Although gratifying progress have been achieved
in the chip-scale mode-locked lasers, it is still a challenge to
directly generate femtosecond pulses in the fully integrated
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scheme. Thanks to the on-chip pulse compression schemes, the
femtosecond pulse can be directly compressed from picosecond
pulse, which are featured with stabilization, compactness and
low energy consumption. A series of integrated platforms have
been implemented to realize pulse compression, such as silicon
(Si) [7], [8], silicon nitride (Si3N4) [9] and silicon rich nitride
[10], [11]. Slot optical waveguides are essential components for
integrated silicon photonic circuits, which spans a wide range
of applications such as ultra-compact polarization beam splitter,
biosensing, optical phased array chip and hybrid electro-optic
modulator [12], [12], [13], [14], [15], [16]. Recently, numerous
prominent foundries, including ST Microelectronics and AIM
Photonics, have incorporated the Si3N4 layer integrated into the
Si waveguide [17]. Si waveguide exhibits a strong nonlinear
absorption effect, including two-photon absorption (TPA), free
carrier absorption (FCA), and free carrier dispersion (FCD),
which leads to the elevated power consumption. In contrast to
Si waveguides, Si3N4 waveguides are not necessary to consider
nonlinear absorption effect and exhibits lower propagation loss
[18], [19], [20]. Hence, by combining the low-loss attributes of
Si3N4 with the high refractive index feature of Si, it’s feasible
to improve the compression factor and peak power in the sil-
icon/silicon nitride horizontally slotted waveguides (Si-Si3N4

HSWs).
Self-similar pulse compression has been widely reported to

generate nearly chirp-free and pedestal-free femtosecond pulse
in the fully integrated scheme, which provides the superiorities
of reducing the compression length, nearly transform-limited
characteristics and the ability to avoid pulse breakup even at
high peak powers [21], [22], [23], [24], [25]. Self-similar pulse
compression is beneficial to simultaneously realize pulse com-
pression and spectral broadening in the single waveguide, since
the nonlinearity is employed to generate new frequencies by
the self-phase modulation, while the anomalous group-velocity
dispersion (GVD) is utilized to preserve the balance of the
soliton evolution [7]. In addition, realizing self-similar pulse
compression is necessary to satisfy the condition of distributed
gain g(z) = g0/(1−g0z) or exponentially varying dispersion
β2(z)=β20exp(−z/z0) [26]. To date, C. Mei et al. demonstrates a
chalcogenide-silicon slot waveguide to obtain self-similar pulse
compression with the compression factor of 12.3 [21]. Besides,
mid-infrared self-similar pulse compression has been presented
that the input pulse is compressed from 1 ps to 57.29 fs with the
compression factor of 17.46 in a silicon ridge waveguide [22]. In
our prior research, we introduced the tapered silicon waveguide
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Fig. 1. The schematic depiction of nearly self-similar pulse compression characteristic in the Si-Si3N4 HSWs. (a) The proposed waveguide with the parameters
represented as: waveguide width of the input and output segment (Win and Wout), silicon core height (HSi), silicon nitride core height (HSi3N4

), silica layer height
(HSiO2

) and optimal waveguide length (L). The inset figure is the cross-section of the Si-Si3N4 HSWs, which is surrounded by air-cladding and buried oxide
substrate. (b) Second-order dispersion (β2) of the fundamental core mode and the waveguide width as a function of propagation distance. The inset electric-field
distribution illustrates the mode patterns at the interfaces of the input and output waveguide. (c) Nonlinear coefficient (γ) and TPA loss coefficient (αTPA)
curves along with propagation distance. (d-f) Nearly self-similar pulse compression schemes in the same Si-Si3N4 HSWs, including single pulse compression,
high-repetition-rate pulse train compression and two pulses combination and compression.

for achieving self-similar pulse compression at the telecommu-
nications wavelength [23]. Nonetheless, the substantial impact
of TPA imposes limitations on both the compression factor and
peak power. Compared with prior investigations, we employ
silicon and silicon nitride materials, which offers the advantages
in reducing nonlinear optical absorption effects and enhancing
peak power. Additionally, in contrast to the strip waveguide,
we utilize the horizontally slotted waveguide to provide flexi-
bility in tailoring the second-order dispersion, which results in
a broader range of adjustments. Furthermore, previous studies
have primarily concentrated on designing a single waveguide
structure to implement single pulse compression method. Our
approach involves designing a single Si-Si3N4 HSWs to achieve
three pulse compression methods of single pulse compression,
high-repetition-rate pulse train compression and the two pulses
combination and compression. The similar waveguide structure
has been experimentally fabricated for the ultra-compact polar-
ization beam splitter [12].

Here, as depicted in Fig. 1, we propose nearly self-similar
pulse compression characteristics in the Si-Si3N4 HSWs. We
can simultaneously realize nearly self-similar pulse compres-
sion with three conditions in the same Si-Si3N4 HSWs, which
consists of single pulse compression, high-repetition-rate pulse
train compression and two pulses combination and compression.
Moreover, we compare the pulse evolution and compression
performance in the different conditions. We further represent the
numerical results of the pulse parameter equations, which can
provide theoretical results of self-similar pulse compression. It
is worth to mention that the calculation time from PPE is only
10% of directly solving the generalized nonlinear Schrödinger
equation. The Si-Si3N4 HSWs works at the wavelength of

2.0 μm, since it is an attractive platform to achieve nonlinear
frequency conversion toward the mid/far-IR spectral region.
Besides, 2.0 μm fiber laser are mature and accessible, which
exploits Tm3+ and Ho3+ doped gain material to supply laser
emissions [27].

II. THEORETICAL MODELS

In the numerical simulation, we adopt the generalized nonlin-
ear Schrödinger equation (GNLSE) to model the pulse evolution
at λ0 = 2.0μm. Consideration of TPA is warranted in the wave-
length range spanning from 0.85 μm to 2.2 μm [28]. In addition
to TPA, FCA and FCD, we incorporate the influences of self-
phase modulation (SPM), self-steepening (SS), and stimulated
Raman scattering (SRS) [29], [30], [31],

∂A (z, t)

∂z

=
∑
k≥2

ik+1βk(z)

k!
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∂tk
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)
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(
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)
,

(1)

where A(z, t) represents the slowly varying pulse envelope of
the electric field, z is the direction of propagation and t is the
time in the pulses’ frame of reference. α0 = 0.2 dB/cm denotes
the linear loss [32]. βk(z) signifies the k-th order dispersion. ω0

stands for the pulse center frequency, and γ represents the non-
linearity coefficient. αc = σcNc characterizes the free carrier
absorption loss, with Nc denoting the free carrier density and
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σc = 2.41× 10−21 m2 representing the free carrier absorption
coefficient for silicon [33]. The parameter μ = 3.06 signifies the
free carrier dispersion [34]. Notably, the free carrier density Nc

is modeled according to [30],

∂Nc (z, t)

∂t
=

βTPA

2hν0

|A (z, t)|4
A2

eff
− Nc

τeff
, (2)

Aeff =

(∫ ∫ +∞
−∞ |F (x, y)|2dxdy

)2

∫ ∫ +∞
−∞ |F (x, y)|4dxdy (3)

where hν0 stands for the photon energy, Aeff is the effective
mode area and τeff = 3ns is the free carrier lifetime, respectively
[35]. The nonlinear coefficient is assessed individually for each
material within the Si-Si3N4 HSWs, which is scaled by corre-
sponding fractional energy Ef,q [36]. The effective nonlinear
coefficient γ can be represented as [36],

γ =
∑

γq � Ef,q + i
βTPA

2Aeff
, γq =

2πn2

λAeff
(4)

where q denotes the materials of silicon, silica and silicon nitride,
βTPA = 2.5× 10−12 m/W is the TPA coefficient of silicon, and
the nonlinear coefficient n2 of silicon, silica and silicon nitride
are 1.1× 10−17 m2/W, 4.7× 10−20 m2/W and 2.4× 10−19 m2/W
[33], [34], [36], [37]. In addition, the nonlinear response function
is expressed as [30],

R (t) = (1− fR) δ (t) + fRhR (t) , (5)

where hR(t) is the Raman response function and fR = 0.043.
Note that the Raman term is not considered in (5) due to its
relatively minor contribution in silicon nitride [38], [39], [40]. In
preceding research, achieving self-similar pulse compression is
strongly necessary to satisfy the decreasing exponentially GVD,
which is described approximately below [23],

β2 (z) = β20 exp (−σz) , σ = α20β20 (6)

where initial dispersion value β20 is −5.346 ps2/m, initial chirp
coefficient α20 is −14.93 THz2 and second-order dispersion
decay rate σ is −79.8 /m [23]. Typically, the pulse compression
factor (FC) serves as a metric to characterize the performance
of compression, which is expressed as,

FC = FWHMin/FWHMout (7)

where FWHMin and FWHMout denotes the full width at half-
maximum (FWHM) of the input and output pulses.

III. INVESTIGATION ON NEARLY SELF-SIMILAR PULSE

COMPRESSION IN HORIZONTALLY SLOTTED WAVEGUIDES

A. Modeling the Si-Si3N4 HSWs

From literature, the horizontally slotted waveguides are pro-
posed to realize the excellent flat dispersion and provide more
freedoms for waveguide dispersion engineering, which are
widely exploited for the supercontinuum generation [41], [42],
[43], [44]. To date, silicon and silicon nitride slot waveguides
has been successfully employed in the polarization beam splitter
and ultrafast pulse manipulation [12], [45]. Inspired by highly

nonlinear slot waveguides, we further propose the Si-Si3N4

HSWs in Fig. 1(a). The optical pulse can partly propagate in the
silicon nitride slot layer, which proves beneficial in mitigating
the influence of two photon absorption, consequently enhancing
pulse compression performance. Crucially, the Si-Si3N4 HSWs
amalgamates the superiorities of conventional silicon waveg-
uides and silicon nitride waveguides, such as high refractive
index contrast, large nonlinearity, strong confinement and opti-
mized dispersion properties. Recently, Si3N4 have been exper-
imentally integrated in the Si photonic platforms, as evidenced
by demonstrations in the photonic integrated circuits, optical
phased array chip and ultra-compact polarization beam splitter
[12], [15], [17], [18]. Here, to realize nearly self-similar pulse
compression, we introduce the Si-Si3N4 HSWs in Fig. 1(a),
which can be manufactured using CMOS technology [43]. The
structure consists of two 150 nm thick Si layers and a 50 nm thick
Si3N4 slot layer, where the Si and Si3N4 can be deposited above
a 2 mm buried oxide layer using a low pressure chemical vapor
deposition (LPCVD) process [46]. In the next step, the positive
electron beam resist is applied to spin-coating on the substrate.
Subsequently, the resist can be patterned using electron beam
lithography (EBL) [12]. Eventually, reactive ion etching (RIE)
is employed to etch the Si layer and Si3N4 slot layer to produce
the Si-Si3N4 HSWs. Our device offers considerable flexibility
for dispersion engineering, with the geometric parameters fully
optimized asHSi = 150 nm,HSi3N4

= 50nm,HSiO2
= 10nm,

L = 4 cm, Win = 570 nm and Wout = 1220 nm. We have con-
sidered the Sellmeier’s equations of the silicon, silicon ni-
tride and silica materials in the simulation. The wavelength-
dependent material index of silicon and silica can be expressed
as [47], [48], [49],

n2
Si (λ) = εSi +
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λ2
+

C2λ
2
2

λ2 − λ2
2

(8)
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2
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where ε = 11.6858, C1 = 0.939816μm2, C2 = 0.00810461,
λ2 = 1.1071μm, C3 = 0.6961663, λ3 = 0.0684043μm,
C4 = 0.4079426, λ4 = 0.1162414μm, C5 = 0.8974794,
λ5 = 9.896161μm and the wavelength λ is in units of
micrometer. The Sellmeier’s equation of silicon nitride is given
as [50],

n2
Si3N4

(λ) = 1 +
C6λ

2

λ2 − λ2
6

+
C7λ

2

λ2 − λ2
7

(10)

where C6 = 3.0249, λ6 = 135.3406 nm, C7 = 40314, λ7 =
1239842 nm and the wavelength λ is in units of nanometer.
As depicted in Fig. 1(b), the tapered profile width and the
second-order dispersion (β2) curves are illustrated along with
the propagation distance, indicating their capability to achieve
nearly self-similar pulse compression. β2 is exponentially de-
creased from −5.346 ps2/m to −0.22 ps2/m, which are calcu-
lated by finite element method based on the fundamental core
mode. The waveguide width exhibits a nearly linear increasing
from 570 nm to 1220 nm along with the popagating direction.
Thanks to the waveguide fabrication techniques [32], [36], [43],
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TABLE I
PARAMETERS EMPLOYED FOR ESTIMATING THE EFFECTIVE NONLINEAR

COEFFICIENT OF THE SI-SI3N4 HSWS AT λ0 = 2.0 μm

it becomes feasible to produce the suggested Si-Si3N4 HSWs
with a high-precision CMOS facility. We present all parameters
for estimating the effective nonlinear coefficient of the HSWs at
λ0 = 2.0μm, which are denoted in the Table I [33], [34], [36],
[37]. In Fig. 1(c), the evolution of the estimated γ andαTPA along
with varying popagating distance is calculated by the (4) and (5),
where γ reduces from 196.70 /W/m to 124.37 /W/m and αTPA

declines from 2.65 /W/m to 1.67 /W/m. It is seen that γ shares
an approaching trend with αTPA, which are both monotonically
decreasing.

Next, we employ the proposed Si-Si3N4 HSWs to realize
nearly self-similar pulse compression in Fig. 1(d)–1(f), which in-
cludes single pulse compression, high-repetition-rate pulse train
compression and two pulses combination and compression. The
temporal evolutions of nearly self-similar pulse compression
are demonstrated in Fig. 1(d), which contains all higher-order
dispersion terms, higher-order nonlinearity and absorption loss.
The optical pulse is gradually compressed and the pulse energy
is concentrated to the center of the pulse, where the compression
factor reaches up to 12.11 and the pedestal energy is close to zero.
Furthermore, Fig. 1(e) illustrates the nearly self-similar pulse
compression of high-repetition-rate pulse train, which com-
prises both pulse shaping and pulse compression. Ultimately,
the input pulse train undergoes temporal compression with the
compression factor of 30.56. As shown in Fig. 1(f), two pulses
combination and compression encompass three stages of rapid
combination, steady adjustment, and nearly self-similar pulse
compression. Moreover, two raised cosine pulses are initially
merged into a single combined pulse, followed by the realization
of nearly self-similar compression with a compression factor of
4.97.

B. Numerical Results and Discussion of Self-Similar Pulse
Compression in the Si-Si3N4 HSWs At 2.0 μm

We chose the chirped fundamental soliton pulse to study the
self-similar pulse compression in the Si-Si3N4 HSWs at 2.0 μm,

A (0, t) =
√

P0sech (t/T0) exp
(
iα20t

2/2
)
, (11)

where T0 stands for the initial pulse width of 567.3 fs which
corresponds to the FWHM of 1 ps. P0 is the initial peak power
of 0.085 W (P0 = |β20|/γ0/T 2

0 ). In Fig. 2(a), the pulse is com-
pressed from 1 ps to 82.6 fs, which results in a notable pulse
compression factor of 12.11. The corresponding pulse peak
power enhances from 0.085 W to 0.82 W in the temporal field,
where the ultimate peak power attains 9.71 times higher than the
initial input peak power. Simultaneously, Fig. 2(b) illustrates the
normalized spectrum distributions that the chirped fundamental

Fig. 2. 3D plots of the pulse (a) temporal and (b) spectrum field along the
propagating direction. Corresponding simulated evolution of (c) the compression
factor and peak power (d) time-bandwidth product and normalized chirp during
propagation of the hyperbolic secant pulse. (e) The compression factor and
(f) the pedestal energy versus the perturbation in initial chirp from −20% to
+20%.

soliton propagates in the anomalous dispersion region and ex-
periences the spectral broadening. Additionally, we observe that
the temporal and spectrum profile still maintain superior sym-
metry without any pedestal or satellite peaks. As the propagation
distance increases in Fig. 2(c) and (d), the compression factor
and peak power of the soliton are monotonically enhanced, while
the time-bandwidth product (T-B Product) and the normalized
chirp are obviously declined. In Fig. 2(c), although the upward
trends of compression factor and peak power are similar, the
output peak power is comparatively reduced since the energy
loss is induced by TPA and a portion of the energy is utilized for
electronic transitions to higher energy states [28]. As shown in
Fig. 2(d), the time-bandwidth product is generally approaching
0.315 which is the constant associated with transform-limited
hyperbolic secant pulses [51]. The termination point of the
time-bandwidth product is 0.359, which indicates the output
pulse remains undistorted and maintains the characteristics of
hyperbolic secant pulses. In addition, the evolution of the nor-
malized chirp C(z) = α2(z)T

2(z) is demonstrated in Fig. 2(d),
which is calculated by the polynomial fit of the pulse phase.
It’s important to highlight that the accumulation of higher-order
dispersion, higher-order nonlinearity and absorption loss lead
to the reduction of the compression factor and peak power in
Fig. 2(c), and this cumulative impact is also responsible for a
significant fluctuation in the normalized chirp in Fig. 2(d). As
illustrated in Fig. 2(e), the perturbation in the initial chirp from
−20% to 20% has a slight influence on the compression factor,
ranging from 4.85 to 12.11. In Fig. 2(f), the peak power exhibits
a similar trend to the compression factor, ranging from 3.79
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to 9.71. It’s worth noting that the curves of the compression
factor and peak power exhibit symmetry with the perturbation
in initial chirp from −20% to 20%. This demonstrates that both
increasing and decreasing chirp have the same effect on the pulse
compression.

We have a couple of approaches to explore self-similar pulse
compression in the Si-Si3N4 HSWs. One method involves di-
rectly using numerical methods to simulate the GNLSE. Alter-
natively, we can utilize semi-analytical reduction techniques like
the Lagrangian Variational Method (LVM) [52] or the Projection
Operator Method (POM) [53], [54] to derive the pulse parameter
equations (PPEs) of the pulse evolution. By employing the
Lagrangian of the GNLSE and choosing the suitable ansatz
function of the hyperbolic secant, we can derive the ordinary
differential equations (ODEs) to govern the parameters of the
ansatz in the LVM. In addition, the numerical solutions of
the ODEs have the capability to forecast the evolution of the
pulse parameters [55]. In our calculation, we demonstrate the
primary steps to express the GNLSE in terms of pulse parameter
equations, which utilizes the perturbed Lagrangian approach.
We firstly provide the general pulse parameter equations of the
hyperbolic secant ansatz, and we insert this ansatz function into
the Lagrangian of the GNLSE. Upon evaluating the integral, we
can obtain the expression involving the derivatives of the pulse
parameters. Here, the GNLSE is considered in the form of,

Az +
iβ2(z)

2
Att − i

(∑
γq � Ef,q

)
|A|2A = εR (12)

where

εR = − αTPA|A|2A− α0

2
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β3 (z)

6
Attt − αc

2
(1 + iμ)A

− iTR

(∑
γq � Ef,q

)
A
(
|A|2

)
t

−
∑

γq � Ef,q

ω0

(
|A|2A

)
t
, (13)

where Az is the slowly varying envelope of the axial electrical
field, β2(z) and

∑
γq � Ef,q represent the GVD and SPM, re-

spectively. These definitions of the variables and parameters are
for the context of envelope soliton propagation in the Si-Si3N4

HSWs. εR represents the perturbation term of TPA, linear loss,
third-order dispersion, FCA, FCD, SS and SRS. A typical value
of TR = 4 fs (at the wavelength near 2.0 μm) is employed in this
section. The Lagrangian for (12) without the perturbation term
(εR = 0) is expressed as,

L =

∫ ∞

−∞

[
β2 (z)

2
|At|2 +

∑
γq � Ef,q

2
|A|4

+
i

2
(A∗Az −AA∗

z)

]
dt (14)

We study the hyperbolic-secant ansatz function provided by,

f = x1sech

(
t− x2

x3

)

exp

[
ix4(t− x2)

2

2
+ ix5 (t− x2) + ix6

]
, (15)

where x1, x2, x3, x4, x5 and x6 stand for the pulse amplitude,
temporal position, width, chirp, frequency and phase. The vari-
ational equations are given by [56],
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where ẋj is denoted as dxj/dz. By substituting the ansatz
function f into εR (setting A = f in (13)) and integrating
the right-hand side of (16), we obtain the collective variable
equations as,
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As depicted in Fig. 3(a), the compression factor and peak
power profiles are calculated from GNLSE and PPEs, which
shares a similar trend and exhibits a monotonic increasing along
with the propagating direction. It can be observed that the pulse
width of GNLSE declines from 1 ps to 82.6 fs with the compres-
sion factor of 12.11, while the pulse width of PPEs drastically
drops down from 1 ps to 76.80 fs with the compression factor
of 13.02. This phenomenon is contributed from the higher-order
nonlinear effects, which causes that the pulse undergoes a certain
deformation in the GNLSE. However, the pulse transmission
computed by PPEs is not necessary to consider the pulse distor-
tion since the output pulse is strictly based on hyperbolic-secant
ansatz function [23]. Fig. 3(b) illustrates the normalized chirp
comparison between GNLSE and PPEs, which nearly remains
the same as the soliton propagating. Fig. 3(c) and (d) indicates
the temporal observations of self-similar pulse compression
dynamics in the linear scales and logarithmic scales, which
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Fig. 3. Self-similar pulse compression characteristics from GNLSE results
and PPEs results. (a) Evolution of the compression factor and peak power from
the precise solution. (b) Evolution of the normalized chirp parameter. Input
temporal, output temporal through GNLSE results and output PPE results in
(c) linear scales and (d) logarithmic scales.

TABLE II
PULSE COMPRESSION PERFORMANCE OF GNLSE AND PPES IN FIG. 3

exhibits a high degree of similarity in the calculation results
from GNLSE and PPEs. In Fig. 3(c), the compressed pulse
maintains practical symmetry on both sides and overall preserves
a hyperbolic secant pulse shape. As shown in Fig. 3(d), the pulse
profile of the PPEs maintains standard sech shape, however the
output pulse of the GNLSE displays a noticeable tailing effect
which is attributed to the influence of higher-order dispersion.

The comparison results of output pulse width, compression
factor and the output normalized peak power between GNLSE
and PPEs is presented in Table II. The GNLSE offers the
advantages of accommodating diverse nonlinear effects and
observing the pulse distortion. Nonetheless, it is worth noting
that GNLSE computations can be time-consuming, which poses
a challenge for evaluating the pulse compression results in a short
time. PPEs primarily provides the mathematical expressions
adaptable to the interest pulse shape such as hyperbolic secant
pulse. Notably, PPEs boasts the advantage of swiftly obtaining
calculation results, and the calculation time from PPE is only
10% of directly solving the GNLSE. Hence, the PPEs is more
efficient and the GNLSE is more precise.

C. Nearly Self-Similar Pulse Compression of
High-Repetition-Rate Pulse Train in the Si-Si3N4 HSWs

The initial raised cosine optical pulse train with the initial
chirp can be represented as [57],

A (0, t) =

N∑
n=−N

√
P0 cos (πt/T0) exp

(
iα20(t−nT0)

2/2
)
,

t/T0 ∈ [(n− 0.5) , (n+ 0.5)] , (23)

Fig. 4. Evolutions of the pulse compression factor, pedestal energy and tem-
poral field of the optical pulse in the high-repetition-rate pulse train compression
dynamics. For clarity, only five pulses are plotted.

where the initial pulse width T0 is 4.4 ps (corresponding to
228 GHz) and the FWHM of a single pulse is 2.2 ps. The
initial peak power is 0.0369 W (P0 = 8π2|β20|/T 2

0 /γ0/3). The
number of pulses in the pulse train is selected as 31 with N = 15
for the simulation. Fig. 4 reveals a comprehensive simulation
for the high-repetition-rate pulse train compression dynamics,
which employs the intensity contour plots and line charts to
depict temporal field, compression factor and the pedestal en-
ergy evolution. In the intensity contour plots, the optical pulse
undergoes pulse shaping and pulse compression, which initially
transforms from the raised cosine pulse to the hyperbolic secant
pulse and eventually realizes nearly self-similar pulse compres-
sion. The line charts illustrate a monotonic enhancement in the
compression factor. Notably, the pedestal energy approaches to
zero as the soliton propagates to 2.6 cm, which is a key point
to indicate that the raised cosine pulses have been transformed
into the hyperbolic secant pulses. Furthermore, the shaped sech
pulses undergo nearly self-similar compression, which the com-
pression factor eventually reaches up to 30.56 accompanied with
the pedestal energy of 0.9%.

To illustrate the soliton characterization, as shown in Fig. 5,
we present the temporal and spectrum profiles of five input
pulses and output compressed pulses from the pulse train. In
Fig. 5(a), the input pulse train experiences temporal compression
and ultimately transforms into a higher-peak-power output pulse
train, which the input pulses can be compressed from 2.2 ps to
72 fs with the compression factor of 30.56. It is important to
note that the output pulse train exhibits clear separation, and
the mutual interactions between pulses have been successfully
eliminated. Each individual pulse in the compressed pulse train
shares the same peak power and pulse duration. In Fig. 5(b), the
input and output temporal profiles are presented in logarithmic
scale, where the pulse shape undergoes a noticeable evolution
that the raised cosine shape transforms to nearly hyperbolic-
secant shape. In Fig. 5(c), both the shaped sech pulse and the
output compressed pulse are approximately remaining the same
with their fitted hyperbolic secant pulses. This calculated result
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Fig. 5. Temporal profile of five input pulse (dashed line) and five output
compressed pulse (solid lines) in (a) linear and (b) logarithmic scales. (c) The
shaped sech pulse and the output compressed pulse compared with their fitted
hyperbolic secant pulses. (d) Spectral profile of the input and output pulse.

Fig. 6. The evolution of temporal and spectral characteristics for the two pulses
combination and compression, which consists of rapid combination, steady
adjustment and nearly self-similar pulse compression.

highlights that the Si-Si3N4 HSWs serves an additional function
of pulse shaping that the initial raised cosine optical pulse
train transforms to the hyperbolic secant pulse train. Fig. 5(d)
indicates the normalized spectrum distributions of the optical
intensity, which can be observed that the compressed pulse train
experiences the spectral broadening and the final spectrum still
maintains symmetry under the influence of strong SPM effect.

D. Simultaneous Two Pulses Combination and Nearly
Self-Similar Pulse Compression in the Si-Si3N4 HSWs

In order to study two pulses combination and compression,
we utilize two chirped RC pulses which is denoted as [25], [58],
√
P0

2
{1+cos [π (t/T0+1)]} exp (iα20t

2/2
)
, t/T0 ∈ [−2, 2] ,

(24)
where T0 and P0 stand for the initial pulse width and initial
peak power (P0 = 2.5|β20|/γ/T 2

0 ). The other pulse parameters
are chosen as P0 = 0.90W and T0 = 274.8 fs with the FWHM
of 200 fs. In contrast to the high-repetition-rate pulse train
compression with the separate initial linear chirps in Fig. 4,
the input pulses share the same linear chirp in Fig. 6. It can be
assumed that a number of low repetitive rate pulses with the same

Fig. 7. Numerical simulations of two pulses combination and compression.
(a) The profiles of the two initial RC pulses and the resulting compressed pulse.
(b) The curves of the compression factors obtained from the all effects and the
ideal results over the final 1.3 cm. The comparison of the combined pulse and
the output pulse with their corresponding fitted hyperbolic secant pulses in (c)
linear scales and (d) logarithmic scales.

wavelength is multiplexed, and the multiplexed beam undergoes
phase modulation by a phase modulator to attain the same chirp
profile [59]. In this case, the modulation cycle covers two pulses,
which is beneficial to achieve the optimal compression factor
[58]. In Fig. 6, two pulses combination and compression consist
of three main stages of rapid combination, steady adjustment,
and nearly self-similar pulse compression. As shown in Fig. 6(a),
during the rapid combination process, two RC pulse are emerged
into a new born pulse after propagating 1 cm, which appears in
the temporal center and accompanies with the FWHM of 143 fs.
Subsequently, in the steady adjustment process, the new born
pulse will continue to evolve into a combined pulse, while the
original pulses undergo a transformation into a pedestal. Note
that the combination length (LCL) is defined as the waveguide
distance at which the peak power of the pedestal drops below
10% of the main peak for the combined pulse. In this context, the
combination length is calculated as 2.7 cm. As a result, the suc-
cessful observation of the combined pulse demonstrates nearly
self-similar pulse compression with the compression factor of
4.97. In Fig. 6(b), the normalized spectrum distributions are pre-
sented that the compressed pulse undergoes spectral broadening
and the final spectrum maintains notable symmetry. In contrast
to the initial pulse, the spectral peak power of the output pulse
experiences a significant decrease since the center frequency
energy is transferred to generate other frequency components.

The numerical simulations of two pulses combination and
compression is illustrated in the Fig. 7. As depicted in Fig. 7(a),
the temporal profiles of the input and output pulses are ob-
served in linear logarithmic scales. Here, the initial pulse width
undergoes compression from 200 fs to 40.2 fs, resulting in
the compression factor of 4.97 and the peak power ratio of
3.96. In Fig. 7(b), the two compression factor curves exhibit
a similar trend. However, the compression factor considering
all effects is 4.97, while the ideal compression factor could be
calculated as 6.10 which is derived from the analytical expres-
sion of self-similar pulse compression. In Fig. 7(c) and (d), the
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combined pulse and the compressed pulse perfectly retain the
characteristics of hyperbolic secant pulses in both linear and
logarithmic scales. The determined combination length is 2.7 cm
that the pulse width declines from 200 fs to 91.2 fs that the initial
linear chirp plays a crucial role.

IV. CONCLUSION

In this article, we demonstrate a theoretical exploration of
nearly self-similar pulse compression in the Si-Si3N4 HSWs,
which is operating at the wavelength of 2.0 μm. To extend the
self-similar theory beyond single pulse scenarios, our proposed
schemes has revealed that both single sech pulse and multiple
raised cosine pulses can successfully achieve nearly self-similar
pulse compression within the same waveguide. Those results
highlight a unique evolutionary process in the compression
dynamics. For the single pulse compression, the pulse width
reduces from 1 ps to 82.6 fs with the compression factor of 12.11,
which is approximately consistent with the mathematical predic-
tions derived from the PPEs method. Furthermore, we employ
the Si-Si3N4 HSWs to implement the pulse train compression,
where the input pulses are compressed from 2.2 ps to 72 fs with
the compression factor of 30.56. Our findings also illustrate that
two pulses combination and compression can be realized with
the compression factor of 4.97. The Si-Si3N4 HSWs exhibit the
capability to achieve nearly self-similar pulse compression from
single input pulse to multiple input pulses.
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