
Technological University Dublin Technological University Dublin 

ARROW@TU Dublin ARROW@TU Dublin 

Articles School of Electrical and Electronic Engineering 

2020 

Self-similar Pcosecond Pulse Compression for Supercontinuum Self-similar Pcosecond Pulse Compression for Supercontinuum 

Generation at Mid-infrared Wavelength in Silicon Strip Waveguides Generation at Mid-infrared Wavelength in Silicon Strip Waveguides 

Yujun Cheng 
Beijing University of Posts and Telecommunications 

Jinhui Yuan 
Beijing University of Posts and Telecommunications 

Chao Mei 
Beijing University of Posts and Telecommunications 

Feng Li 
Hong KOng Polytechnic University 

Zhe Kang 
Hong Kong Polytechnic University 

See next page for additional authors 

Follow this and additional works at: https://arrow.tudublin.ie/engscheleart2 

 Part of the Electrical and Computer Engineering Commons 

Recommended Citation Recommended Citation 
Cheng, Y., Yuan, J., Mei, C. et al. (2020). Self-similar picosecond pulse compression for supercontinuum 
generation at mid-infrared wavelength in silicon strip waveguides. Optics Communciations, 454:124380. 
doi:10.1016/j.optcom.2019.124380 

This Article is brought to you for free and open access by 
the School of Electrical and Electronic Engineering at 
ARROW@TU Dublin. It has been accepted for inclusion in 
Articles by an authorized administrator of ARROW@TU 
Dublin. For more information, please contact 
yvonne.desmond@tudublin.ie, arrow.admin@tudublin.ie, 
brian.widdis@tudublin.ie. 

This work is licensed under a Creative Commons 
Attribution-Noncommercial-Share Alike 3.0 License 

https://arrow.tudublin.ie/
https://arrow.tudublin.ie/engscheleart2
https://arrow.tudublin.ie/engschele
https://arrow.tudublin.ie/engscheleart2?utm_source=arrow.tudublin.ie%2Fengscheleart2%2F213&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=arrow.tudublin.ie%2Fengscheleart2%2F213&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:yvonne.desmond@tudublin.ie,%20arrow.admin@tudublin.ie,%20brian.widdis@tudublin.ie
mailto:yvonne.desmond@tudublin.ie,%20arrow.admin@tudublin.ie,%20brian.widdis@tudublin.ie
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/


Authors Authors 
Yujun Cheng, Jinhui Yuan, Chao Mei, Feng Li, Zhe Kang, Binbin Yan, Xian Zhou, Qiang Wu, Kuiru Wang, 
Xinzhu Sang, Keping Long, Chongxiu Yu, and Gerald Farrell 

This article is available at ARROW@TU Dublin: https://arrow.tudublin.ie/engscheleart2/213 

https://arrow.tudublin.ie/engscheleart2/213


Optics Communications 454 (2020) 124380

Contents lists available at ScienceDirect

Optics Communications

journal homepage: www.elsevier.com/locate/optcom

Self-similar picosecond pulse compression for supercontinuum generation at
mid-infrared wavelength in silicon strip waveguides
Yujun Cheng a, Jinhui Yuan a,b,∗, Chao Mei a, Feng Li b,∗, Zhe Kang b, Binbin Yan a, Xian Zhou c,
Qiang Wu d, Kuiru Wang a, Xinzhu Sang a, Keping Long c, Chongxiu Yu a, Gerald Farrell e

a State Key Laboratory of Information Photonics and Optical Communications, Beijing University of Posts and Telecommunications, Beijing, China
b Photonics Research Centre, Department of Electronic and Information Engineering, The Hong Kong Polytechnic University, Hong Kong, China
c Department of Computer and Communication Engineering, University of Science and Technology Beijing, Beijing, China
d Department of Physics and Electrical Engineering, Northumbria University, Newcastle upon Tyne, United Kingdom
e Photonics Research Centre, Dublin Institute of Technology, Dublin, Ireland

A R T I C L E I N F O
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A B S T R A C T

Self-similar pulse compression has important application in highly coherent supercontinuum (SC) generation.
In this paper, we numerically present the mid-infrared self-similar picosecond pulse compression in a tapered
suspended silicon strip waveguide, which is designed with exponentially decreasing dispersion profile along
the direction of propagation. When the variation of the Kerr nonlinear coefficient 𝛾(z), linear and nonlinear
losses, higher-order nonlinearity, and higher-order dispersion are taken into consideration, the simulation result
shows that a 1 ps input pulse centered at wavelength 2.8 μm could be self-similarly compressed to 47.06 fs
in a 3.9-cm waveguide taper, along with a compression factor 𝐹c of 21.25, quality factor 𝑄c of 0.78, and
negligible pedestal. After that, the compressed pulse is launched into a uniform silicon strip waveguide, which
is used for the generation of SC. We numerically demonstrate that the coherence of the generated SC by the
compressed pulse can be significantly improved when compared to that generated directly by the picosecond
pulse. The simulation results can be used to realize on-chip mid-infrared femtosecond light source and highly
coherent supercontinuum, which can promote the development of on-chip nonlinear optics.

1. Introduction

Recently, silicon-based mid-infrared nonlinear photonics has ac-
quired a lot of attentions because of the advancement in light sources
and passive components in the mid-infrared spectral region [1–5]. One
of the crucial nonlinear phenomena is the supercontinuum (SC) genera-
tion in the mid-infrared region, which is crucial for applications such as
molecular detection [6], nonlinear spectroscopy [7], optical frequency
comb generation [8], etc. In SC generation, the pulse duration is a
deterministic parameter that affects the coherence and bandwidth of
the SC obtained. Highly coherent SC can typically be obtained with
ultrashort pulses shorter than 100 fs [9]. When longer pulses are
used as pump for SC generation in the anomalous dispersion region
of nonlinear media, the coherence of the generated SC is seriously
degraded because the SC is generated by modulation instability (MI)
and disordered soliton fissions [10,11]. Thus, it is necessary to use
shorter pump to generate the highly coherent mid-infrared SC. How-
ever, the generation of such femtosecond pulse sources in mid-infrared
region remains a challenge. Mid-infrared pulses can be obtained by
nonlinear processes such as optical frequency down-conversion based

∗ Corresponding authors.
E-mail addresses: yuanjinhui81@bupt.edu.cn (J. Yuan), enlf@polyu.edu.hk (F. Li).

on difference frequency generation, optical parametric oscillator or
optical parametric amplification [12]. But nonlinear processes require
high power ultrashort pulse pump sources, which are bulky and sen-
sitive to the environment. Furthermore, it is hard to have the phase
matching condition satisfied over the broad spectra of femtosecond
pulses. Semiconductor sources such as quantum cascade lasers and
lead-salt diodes can be also employed for mid-IR pulse generation [12].
However, they in general cannot generate short duration pulses. Thus,
generation of femtosecond pulses and highly coherent mid-infrared SC
directly with picosecond pump pulses is highly desirable.

Several nonlinear pulse compression schemes have been proposed
to obtain ultrashort pulses from much longer pulses [13–18]. Among
them, self-similar pulse compression can realize large compression
factors without generation of pedestal in the short nonlinear media.
Self-similar pulse compression has already been demonstrated numer-
ically in step index fiber, photonic crystal fiber (PCF), and silicon
waveguide tapers with appropriately designed dispersion or nonlin-
earity varying profiles [18–20]. For silica optical fibers and PCFs, the
required peak powers of the initial pulses reach kilowatt class, and fiber
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taper a few meters long are difficult to fabricate. In contrast, silicon
waveguides have much stronger Kerr nonlinearity. Thus, it is possible
to achieve self-similar pulse compression with waveguides only a few
centimeters long for input pulses with peak power less than one Watt.
Moreover, since silicon waveguides are CMOS compatible, it is easy
to control the waveguide dimension in fabrication. Silicon waveguides
have been utilized in many applications [21]. A combination of a
silicon waveguide and high-Q microresonator can be used as a sensitive
sensor to detect minute changes in refractive index based on evanescent
waves [22] and frequency comb based optical clock [23]. On-chip
ultrashort pulse sources in silicon waveguide have also attracted much
interest because of their extensive applications in integrated all-optical
signal process systems and nonlinear spectroscopy. In 2010, Colman
et al. demonstrated the compression of a 3-ps pulse to 580 fs in a
small-footprint photonics crystal waveguide [24]. In the same year,
Tan et al. reported a chip-scale pulse compressor on silicon which
achieved the compression factor of 7 for the 7-ps input pulse [25]. In
2016, we theoretically demonstrated the compression of a 1 ps pulse
centered at wavelength 1.55 μm to 81.5 fs in a 6-cm long As2S3-Si
slot tapered waveguide, but two-photon absorption (TPA) and higher-
order dispersion limited further compression [19]. On-chip self-similar
pulse compression in the mid-infrared spectral region in 2017 was
demonstrated preliminarily in a silicon ridge waveguide taper [20].
But the SC generation pumped by such compressed pulses was not
discussed.

In this paper, a tapered suspended silicon strip waveguide with
an exponentially decreasing dispersion profile along the direction of
propagation is designed. We demonstrate the mid-infrared self-similar
picosecond pulse compression in the designed waveguide taper. The
compressed pulse is then injected into a section of uniform silicon strip
waveguide to generate highly coherent SC. This paper is organized as
follows. In Section 2, the generalized nonlinear Schrödinger equation
(GNLSE) and theory of self-similar pulse compression in tapered silicon
waveguide are given. Section 3 presents a tapered suspended silicon
strip waveguide for the self-similar picosecond pulse compression. In
Section 4, the mid-infrared self-similar pulse compression in the de-
signed tapered waveguide is numerically investigated. In Section 5, the
generation of highly coherent SC is investigated using the compressed
pump pulse. Conclusions are drawn in Section 6.

2. Theoretical model

Considering the loss, second and higher-order dispersion (HOD),
variation of the Kerr nonlinear coefficient 𝛾(z), and higher-order non-
linearity (HON), the propagation dynamics of optical signals in waveg-
uide can be described by a GNLSE [26,27] given by

𝜕𝐴
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+
𝛼0𝐴
2

−
6
∑

𝑚≥2
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𝑚!

𝜕𝑚𝐴
𝜕𝑡𝑚
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𝜕𝑡
)|𝐴|2𝐴−

𝛾3𝑃𝐴
3𝐴2

𝑒𝑓𝑓 (𝑧)
|𝐴|4𝐴,
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where A(z, t) is the slowly varying envelope of the electric field, z is
the propagation distance, and t is the retarded time. 𝛼0 represents the
linear loss. 𝛽m(z) (m represents the integers from 2 to 6) are the m-th
order dispersion coefficient of the waveguide at z. The self-steepening
effect is measured by 𝜏s = 1/𝜔0, where 𝜔0 is the angular frequency of
the optical carrier. 𝛾(z) and 𝐴eff (z) are respectively the Kerr nonlinear
coefficient and the effective mode area at z, which are defined as [28]
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, (2)

where F (x, y) and 𝑛2(x, y) correspond to the transverse distributions of
the optical field and the nonlinear-index coefficient. In the mid-infrared
range of 2.2 to 3.2 μm, including the pump wavelength 2.8 μm, TPA is
negligible and the three-photon absorption with coefficient 𝛾3PA will
dominate the nonlinear loss in the propagation [29–31].

Fig. 1. (a) Sketch of the tapered suspended silicon strip waveguide. (b) The mode field
distributions of the quasi-TE at the wavelength of 2.8 μm at the input port (𝑧 = 0 cm)
and output port (𝑧 = 3.9 cm), respectively.

When 𝛼0 = 0, 𝛽m(z) = 0 if m≠2, 𝜏s = 0, and TPA = 0, the remaining
parameters varying nonlinear Schrödinger equation (NLSE)

𝑖 𝜕𝐴
𝜕𝑧

−
𝛽2(𝑧)
2

𝜕2𝐴
𝜕𝑡2

+ 𝛾(𝑧) |𝐴|2 𝐴 = 0 (3)

can support self-similar pulse compression [32,33]. When the variation
of the Kerr nonlinear coefficient 𝛾(z) is a constant and the 2nd disper-
sion coefficient decreases exponentially as 𝛽2(𝑧) = 𝛽2(0)e−𝜎𝑧 along z,
where 𝜎 = 𝛽2(0)𝜉>0, 𝛽2(0) is the 2nd dispersion coefficient at 𝑧 = 0
and 𝜉 is the chirp factor of the initial pulse, Eq. (3) is rewritten as

𝑖 𝜕𝐴
𝜕𝑧

−
𝛽2(0)𝑒−𝛽2(0)𝜉𝑧

2
𝜕2𝐴
𝜕𝑡2

+ 𝛾0|𝐴|
2𝐴 = 0. (4)

From [19], during the propagation the pulse width T (z) and peak
power P(z) will evolve as

𝑇 (𝑧) = 𝑇0𝑒
−𝜎𝑧 and𝑃 (𝑧) = 𝑃0𝑒

𝜎𝑧, (5)

where 𝑇0 is the width of initial pulse and 𝑃0 is the peak power of initial
pulse. From Eq. (5), the pulse width T and peak power P decreases
and increases exponentially along the propagation z, respectively. The
pulse compression factor 𝐹c, which is defined as the ratio of full width
at half maximum (FWHM) of the input pulse to that of the output
pulse, depends on the value of 𝜎z. For hyperbolic secant pulse, FWHM
= 1.767𝑇0, 𝜎z is related to the ratio of 𝛽2(z) to 𝛽2(0), so it is crucial to
design an appropriate waveguide taper to obtain a large value of 𝐹c in
self-similar pulse compression.

3. Design of tapered silicon strip waveguide

We design a tapered suspended silicon strip waveguide, as shown
in Fig. 1(a). Compared to the traditional strip waveguide, the sus-
pended structure can reduce the absorption loss in the silica substrate
and achieve well-confined mode field distribution. In practice, the
designed waveguide taper can be fabricated by a combination of plasma
enhanced chemical vapor deposition and silicon deep etching tech-
nologies [34–36]. In Fig. 1(a), the waveguide widths 𝑊in and 𝑊out at
the input and output ports are 0.82 and 1.77 μm, respectively. The
waveguide height 𝐻1 is 0.39 μm and the membrane height 𝐻2 is 0.4 μm.
Fig. 1(b) shows the mode field distribution of the fundamental quasi-TE
at the input and output ports calculated at a wavelength of 2.8 μm.

The 2nd dispersion coefficient 𝛽2 and nonlinear coefficient 𝛾 of
the fundamental quasi-TE mode at different waveguide widths are
calculated by the finite element method. For self-similar pulse compres-
sion, a larger variation range of 𝛽2 will achieve a larger compression
factor. However, the value of 𝛽2 should not be too small to avoid
HODs [37,38]. Fig. 2(a) shows the curves of 𝛽2 calculated for different
waveguide widths. From Fig. 2(a), the value of 𝛽2 decreases gradually
as the waveguide width varies from 0.82 to 1.77 μm at the wavelength
2.8 μm. In order to achieve the exponentially decreasing dispersion
profile along z, the waveguide taper profile is accordingly designed
as shown in Fig. 2(b). At the wavelength of 2.8 μm, 𝛽2 and 𝛾 are
calculated as functions of the propagation z, as shown in Fig. 2(c).
From Fig. 2(c), 𝛽2 decreases exponentially from −9.32 to −0.248 ps2/m
along the direction of increasing z. In contrast, the variation of 𝛾 is not
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Fig. 2. (a) The 2nd dispersion coefficient 𝛽2 of quasi-TE mode for different waveguide
widths from 0.82 to 1.77 μm, (b) waveguide width profile along z, and (c) 𝛽2 (left axis)
and nonlinearity coefficient 𝛾 (right axis) as functions of z.

monotonic. 𝛾 first increases from the initial value of 17.37 W−1/m to
the maximum 19.20 W−1/m and then decreases from 19.20 to 13.66
W−1/m when z increases from 0.6 to 3.9 cm. Because the relative
variation of 𝛾 is much smaller than that of 𝛽2, it is reasonable to
consider 𝛾 a constant and the variation a perturbation during the
propagation process. The tiny geometric variations do not affect the
values 𝛽2 and 𝛾 significantly. As a result, the influence of the fabrication
tolerance on the pulse compression is small.

4. Mid-infrared self-similar pulse compression

To investigate the self-similar pulse compression in the tapered sil-
icon strip waveguide, we use the Runge–Kutta method to solve Eq. (4)
and model the pulse propagation dynamics when 𝛾 maintains constant
and 𝛽2 decreases exponentially. The constant nonlinear coefficient is
calculated as the effective value

𝛾𝑒𝑓𝑓 = 1
𝐿 ∫

𝐿

0
𝛾(𝑧)𝑑𝑧, (6)

where 𝛾(z) is given in Fig. 2(c). For the waveguide taper, 𝛾eff = 16.48
W−1/m. A hyperbolic secant pulse at wavelength of 2.8 μm with a
FWHM of 1 ps is injected into the waveguide taper. To maintain the
fundamental soliton, the peak power of the initial pulse is set as 1.76
W. The initial chirp 𝜉 is −9.97 ps−2. Fig. 3 shows the evolutions of the
temporal and normalized spectral profiles for the ideal case without
considering the HOD, HON, linear and 3PA-induced nonlinear losses,
and variation of 𝛾(z). From Fig. 3, the pulse is gradually compressed
in the temporal domain and broadened in the spectral domain. During
the propagation, the pulse profile is well maintained. The width of
pulse is compressed from 1 ps to 26.61 fs, along with 𝐹c = 37.58. The
peak power of pulse is increased from 1.76 to 65.92 W. We use the
compression quality factor 𝑄c, which is defined as 𝑄c = 𝑃out/(𝑃in𝐹c),
to evaluate the pulse compression performance [16,39]. For the ideal
case, 𝑄c is 1. During the pulse compression, the temporal and spectral
profiles of the pulse are both symmetrical without pedestal.

Next, we study the self-similar pulse compression when losses, HON,
HOD, and variation of 𝛾(z) are all considered. The linear loss 𝛼0 = 0.026
dB/cm and nonlinear loss 𝛾3PA = 0.025 cm3/GW2 are used [40,41].
To satisfy the condition of the fundamental soliton, the peak power of
initial pulse is decreased to 1.67 W since the nonlinear coefficient 𝛾(𝑧 =
0) is 17.37 W−1/m, which is larger than 𝛾eff . Fig. 4 shows the evolutions
of the temporal and normalized spectral profiles, respectively. From

Fig. 3. The dynamics of (a) temporal waveform and (b) normalized spectrum of the
pulse along z in the designed tapered waveguide for the ideal case without considering
the losses, HON, HOD, and variation of 𝛾(z).

Fig. 4. The dynamics of (a) temporal waveform and (b) normalized spectrum of the
pulse along z in the designed tapered waveguide when the losses, HON, HOD, and
variation of 𝛾(z) are considered.

Fig. 4, the pulse is compressed from 1 ps to 47.06 fs, and the peak
power is increased from 1.67 to 27.63 W. 𝐹c and 𝑄c are 21.25 and
0.78, respectively. Compared with the ideal case, both 𝐹c and 𝑄c are
decreased, which indicates that the self-similar compression process is
perturbed. Moreover, the spectral profile becomes asymmetric during
the propagation.

In the following, we will investigate the influence of each effect
through comparing the pulse propagation when the effects are consid-
ered separately. Fig. 5 shows the temporal waveforms and normalized
output spectra of the output pulses when the losses, HOD, HON, and

3



Y. Cheng, J. Yuan, C. Mei et al. Optics Communications 454 (2020) 124380

Fig. 5. (a) Temporal and (b) normalized spectra profiles of the output pulses when the
HON (orange curves), HOD (blue curves), variation of 𝛾(z) (olive curves), and losses
including 𝛼0 and 3PA-induced loss (red curves) are considered, respectively. The ideal
(NLSE, gray dashed curves) and realistic (All effects, black curves) cases of the output
pulses are also given . (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Table 1
The values of the FWHM, peak power and 𝐹c of the output pulse under different cases.

Cases NLSE HON HOD 𝛾(z) Losses All effects

FWHM (fs) 26.61 26.83 25.39 36.78 36.14 47.06
Power (W) 65.92 65.64 66.83 44.33 36.25 27.63
𝐹c 37.58 37.27 39.38 27.18 27.67 21.25

variation of 𝛾(z) are separately considered. The ideal (NLSE) and realis-
tic (All effects) cases are also given for comparison. The corresponding
values of FWHM, peak power, and compression factor 𝐹c for different
cases are shown in Table 1. From Fig. 5 and Table 1, the HON and
HOD delay the temporal waveform by 12 fs and 28 fs, respectively,
while the peak power of the output waveforms changed only a little.
In contrast, the 𝛾(z) and losses reduce the peak power of the output
waveforms significantly. Moreover, both the HOD and 𝛾(z) introduce
distortions to the output spectra. Although the perturbative effects have
diverged the propagation from the ideal case, picosecond pulse is still
well compressed.

Although the HOD has minor impact on the temporal waveform,
it deforms the output spectrum. To quantify the impact of HOD, the
different-order dispersion lengths 𝐿Dm (m represents the integers from
2 to 6) are plotted in Fig. 6(a), where 𝐿Dm is calculated as

𝐿𝐷𝑚 = 𝑇 𝑚0 (𝑧)∕ |
|

𝛽𝑚(𝑧)|| , (7)

where 𝑇0(z) and 𝛽m(z) are the pulse width and m-th order dispersion
coefficient at z, respectively. The ratio 𝐿D2∕𝐿D3 is also plotted to
evaluate the relative contribution of 3rd dispersion. From Fig. 6(a), 𝐿D2
and 𝐿D3 decrease monotonically as the optical spectrum of the pulse
increases during the propagation. For 𝐿D2∕𝐿D3 shown in Fig. 6(b), the
maximum value is less than 0.55, which indicates that 𝛽3(z) has a weak
influence on the self-similar pulse propagation. In addition, the values
of 𝐿D4, 𝐿D5, and 𝐿D6 are much larger than 𝐿D2, so the influences of
𝛽4(z), 𝛽5(z), and 𝛽6(z) are much weaker than 𝛽2(z).

The evolutions of the FWHM and peak power of the pulse during
the self-similar compression are shown in Fig. 7, respectively, when
different effects are considered. From Fig. 7, the FWHM and peak power
curves overlap well with that of the ideal case in the range of z <
2.3 cm. After 𝑧 = 2.3 cm, the curves of the HON, HOD, 𝛾(z), losses,
and all effects are gradually deviated from the ideal case. Especially
for the cases with 𝛾(z), losses, and all effects, the deviations grow
quickly along the propagation. Clearly, the simultaneous decreasing of
𝛾(z) and the peak power jointly decrease the nonlinear effect, which
is hence unable to balance the dispersion to maintain the fundamental
soliton condition. Thus, the self-similar propagation condition cannot
be satisfied, and the quality of pulse compression is degraded.

Fig. 6. (a) The variations of different-order dispersion lengths 𝐿D2 (red curve), 𝐿D3
(blue curve), 𝐿D4 (dark blue curve), 𝐿D5 (olive curve), and 𝐿D6 (magenta curve). (b)
The value profiles of 𝐿D2∕𝐿D3 change along z . (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. The variations of FWHM (left axis) and (b) peak power (right axis) of the pulse
along z within the tapered waveguide when considering HON (orange dashed curves),
HOD (blue dotted curves), variation of 𝛾(z) (olive dash-dotted curves), and losses
including 𝛼0 and 3PA-induced loss (dark blue dash–dot-dotted curves), respectively.
The ideal (NLSE, gray solid curves) and realistic (All effects, black solid curves) cases
are also plotted . (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 8. (a) The dynamics of the 2nd dispersion length 𝐿D2 and nonlinear length 𝐿NL
along z in the tapered waveguide when the 𝛾(z), and all effects are considered. The
ideal case and chirp length 𝐿C are also plotted for comparison, and the detail profiles
ranged from 1.3 cm to 2.6 cm are shown in the inset. (b) The variations of soliton
number N along z for these three corresponding different cases.
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Fig. 9. (a) The 1 ps initial pulse with random noise (black solid curve), and (b) the
self-similarly compressed output pulse with (dark blue solid curve) and without (green
dash curve) the random noise . (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

In the ideal case of self-similar pulse compression described by
Eq. (4), the fundamental soliton condition should be maintained dur-
ing the whole propagation, i.e. 𝐿D2(𝑧) = 𝐿NL(z), where 𝐿NL(z) =
1/[𝛾(z)𝑃0(z)] represents the nonlinear length. When the two curves
of 𝐿D2 and 𝐿NL are plotted together, the separation between them
will evidently indicate the deviation of the propagation from the ideal
case. The variations of 𝐿D2 and 𝐿NL along z in the waveguide taper
are shown in Fig. 8(a) when the 𝛾(z), ideal case, and all effects are
respectively considered. The chirp length 𝐿C=1/𝜎 is also included to
evaluate the contribution of the linear part and nonlinear part to the
self-similar pulse compression [42]. From Fig. 8(a), 𝐿D2 = 𝐿NL can be
satisfied at all z values for the ideal case. In Fig. 8(a), for variation
of 𝛾(z), 𝐿NL is smaller than 𝐿D2 when z < 1.2 cm, which means that
the effect of nonlinearity is stronger than the dispersion. It should
be noted that both 𝐿D2 and 𝐿NL are larger than 𝐿C in this region,
which means dechirping, i.e. the linear part is the dominant effect to
compress the pulse. When 1.2 cm < z < 2.3 cm, 𝐿NL is larger than
𝐿D2, which indicates that the effect of nonlinearity is weaker than the
dispersion. In this region, 𝐿D2 and 𝐿NL are smaller than 𝐿C, thus the
nonlinear part dominates the pulse compression. At the output port of
the tapered waveguide, 𝐿NL is nearly equal to 𝐿D2. When all effects are
considered, similar trends but bigger deviations are viewed for 𝐿D2 and
𝐿NL. The corresponding soliton number 𝑁2 = 𝐿D2∕𝐿NL are also plotted
in Fig. 8(b). According to Fig. 8, the fundamental soliton is maintained
during the pulse compression.

The self-similar pulse compression can be achieved in the designed
waveguide taper without inclusion of the random noise has been
demonstrated in the above results. In practice, the random noise is
unavoidable. An input pulse with random noise can be described as [9]

𝐴(𝑡) =
√

𝑃0sech(
𝑡
𝑇0

)
[

𝑒𝑖𝜉𝑡
2∕2 + 𝜂�̂�𝑒𝑖2𝜋�̂�

]

, (8)

where 𝜂 is the relative magnitude of the random noise. �̂� is a variable
which satisfies the standard normal distribution with standard devia-
tion 1 and mean 0. Û is a uniformly distributed variable, whose value
is between 0 and 1. When 𝜂 is set as 0.05, the input and compressed
output pulses are shown in Fig. 9, respectively. The compressed output
pulse without random noise (𝜂 = 0) is also plotted in Fig. 9(b) for
comparison. From Fig. 9, the 1 ps input pulse with many burrs can
still be self-similarly compressed to 47.06 fs, while the random noise is
significantly suppressed during the compression process.

In summary, the mid-infrared self-similar picosecond pulse com-
pression in the tapered waveguide has been demonstrated. A 1 ps pulse
can be compressed to 47.06 fs in a 3.9-cm long propagation. Besides,
the process of pulse compression is insensitive to the random noise of
the initial pulse. The compressed pulse with high quality is expected to
demonstrate a good performance in SC generation.

Fig. 10. (a) The three-dimensional schematic diagram of the uniform silicon strip
waveguide designed. (b) The 2nd dispersion coefficient 𝛽2 of the quasi-TE mode, and
the inset shows the quasi-TE mode profile calculated at wavelength 2.8 μm.

Table 2
Taylor-series expansion coefficients of the dispersion.
𝛽2 −3.51 × 10−2 ps2/m 𝛽7 −5.36 × 10−10 ps7/m
𝛽3 3.29 × 10−3 ps3/m 𝛽8 1.12 × 10−11 ps8/m
𝛽4 −1.04 × 10−5 ps4/m 𝛽9 −3.14 × 10−13 ps9/m
𝛽5 −4.05 × 10−7 ps5/m 𝛽10 1.78 × 10−14 ps10/m
𝛽6 1.84 × 10−8 ps6/m

5. Compressed pulse for the SC generation

Usually, a highly coherent SC can be easily obtained by using all-
normal dispersion media pumped by the picosecond or femtosecond
pulses. To compare the coherence of the SC generated with the com-
pressed and uncompressed pump pulses, an uniform suspended silicon
strip waveguide with an anomalous dispersion profile between the two
zero-dispersion wavelengths is designed to generate the SC. Fig. 10(a)
shows the three-dimensional schematic diagram of the waveguide. The
heights ℎ1, ℎ2, and width w are 0.3, 1.8, and 1.43 μm, respectively.
Fig. 10(b) and the inset show the calculated 𝛽2 curve of the quasi-
TE mode and its mode profile at wavelength 2.8 μm. From Fig. 10(b),
two zero-dispersion wavelengths are located at 2.75 and 3.42 μm,
respectively. The value of 𝛾 is 15.17 W−1/m at 2.8 μm.

We launch the initial 1 ps pulse with peak power of 1.67 W and
the compressed 47.06 fs pulse with peak power of 27.63 W into the
silicon waveguide, respectively. The corresponding soliton number N
are 26.9 for the 1 ps pulse and 5.1 for the 47.06 fs pulse. A sufficient
coupling is assumed for the injection of the compressed pulse into the
uniform silicon strip waveguide based on the adiabatic optical coupling
method [43,44]. The evolutions of spectra and temporal profiles during
the propagation in the strip waveguide of the two different pump pulses
are shown in Fig. 11, respectively. In our simulation, the propagation
loss of the silicon strip waveguide is the same as the realistic case
in Section 4, and the HOD is calculated up to 10th order, as shown
in Table 2. In Fig. 11, the top and bottom figures show the output
and input spectra and temporal waveforms, respectively. The middle
figures show the spectral and temporal evolutions of the input pulse
along propagation. When the pump pulse is launched in anomalous
dispersion region, SC generation should be a combination of a se-
ries of nonlinear effects, including self-phase modulation (SPM), MI,
self-steepening, soliton fission, dispersive wave (DW) generation, and
cross-phase modulation (XPM) between the DW and solitons [45–50].
When a long pump pulse is adopted, MI will lead the SC generation
into a random process, which can be observed in the region of z >
400 mm of the middle-left evolutions with the 1 ps pump. In contrast,
the SC generation process is smooth and clean with the 47.06 fs pulse,
where soliton fission rather than MI is the dominant effect to expand
the spectrum. As a result, the SC generated with the 1 ps pump spans
from 2.43 to 3.13 μm at −40 dB level, which is narrower than that
with the 47.06 fs pulse, which spans from 2.13 to 4.03 μm. Clearly,
the higher peak power of the 47.06 fs pulse has enhanced the SPM
and XPM effects during the SC generation. Moreover, the red-shifted
DW can be generated at longer wavelength which is clearly shown at
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Fig. 11. The evolutions of spectral and temporal profiles along z of (a) the 1 ps pulse,
and (b) the compressed 47.06 fs pulse at 𝜂 = 0.01. The top and bottom figures show the
spectral and temporal profiles of pulse at the output and input ports of the waveguide,
respectively.

∼3.9 μm. In addition, the waveguide length required for the 1 ps pulse is
700 mm, which is much longer than the 12 mm length required for the
47.06 fs pulse. By comparing the top figures of Figs. 11(a) and 11(b),
the coherence of the SC generated with the compressed 47.06 fs pulse
is greatly improved since MI is effectively suppressed.

Benefiting from the suppression of the MI process, the SC spectrum
obtained with the 47.06 fs pump pulse is smoother and should be more
deterministic, which implies a higher coherence than that with the 1
ps pump pulse. In order to compare the coherence of the SC generated
with the 1 ps and 47.06 fs pulses, the first-order coherence 𝑔(1)12 of the
output spectra is calculated as [28,51]

|

|

|

g(1)12 (𝜆)
|

|

|

=

|

|

|

|

|

|

|

|

⟨�̃�∗
1 (𝜆)�̃�2(𝜆)⟩

√

⟨

|

|
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2
⟩⟨

|

|

�̃�2(𝜆)||
2
⟩

|

|

|

|

|

|

|

|

, (9)

where �̃�(𝜆) is the spectrum of SC under investigation. The angular
brackets denote the ensemble average over the independent pairs of
spectra generated from 50 shot-to-shot simulations with random noise.

When the 1 ps pulse with peak power of 1.67 W is used, the
output spectra and 𝑔(1)12 of the SC are shown in Figs. 12(a) and 12(c),
respectively. The spectra of the 50 shots with 𝜂 = 0.01 are represented
by the overlapped orange plots in Fig. 12(a) with a dashed curve to plot
the averaged spectrum, where the spectral deviations of the 50 shots
are clearly observed. All values of 𝑔(1)12 are less than 0.83 in the whole
spectral range as shown in Fig. 12(c). In contrast, with the compressed
pump pulse, the variations of SC spectra are almost negligible in most
range as shown in Fig. 12(b), and the value of 𝑔(1)12 shown in Fig. 12(d)
is very close to 1 within the wavelength range from 2.3 to 4.0 μm.
By comparing Figs. 12(c) and 12(d), the coherence of SC has been
significantly enhanced by using the compressed pulse to replace the
picosecond pump pulse.

In order to quantify the improvement of coherence, we vary the
strength of random noises and calculate the weighted value of coher-
ence R as [10,51]

𝑅 = ∫

∞

0

|

|

|

𝑔(1)12 (𝜆)
|

|

|

𝑃 (𝜆)𝑑𝜆∕∫

∞

0
𝑃 (𝜆)𝑑𝜆, (10)

where 𝑃 (𝜆) =
⟨

|

|

�̃�(𝜆)|
|

2
⟩

is the ensemble average of the SC generated
with different noise seeds. Fig. 13(a) shows the values of R for 1 ps and
47.06 fs pulses calculated at different 𝜂. We use the logarithm scale
lg(𝜂) to enlarge the variation of 𝜂. From Fig. 13(a), the value of R is
approximately equal to 1 when lg(𝜂) < −2 for the 47.06 fs pulse. For
the pulse of 1 ps, the value of R is approximately equal to 1 when
lg(𝜂) < −4. When −0.3 < lg(𝜂) < −3, the change of R for the 47.06
fs pulse is much smaller than that for the 1 ps pulse. In Fig. 13(b), K =

Fig. 12. (a), (b) The spectra and (c), (d) value of first-order coherence 𝑔(1)12 of the SC
generated with the 1 ps and 47.06 fs pulse under noise level 𝜂 = 0.01. The orange
and black curves in (a) and (b) are the spectra of 50 shots and the average spectra of
the 50 shots, respectively . (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 13. (a) The weighted value R and (b) K = lg(1-R) as functions of lg(𝜂) for 1 ps
(black curves with triangles) and 47.06 fs (red curves with stars) pulse.

lg(1-R) is used for better presentation of the variations of R especially
when its value is close to 1. From Fig. 13, lg(𝜂) differs by about 2 for
1 ps and 47.06 fs pulses under the same coherence level. Thus, the
noise tolerance is improved about 2 orders of magnitude. Therefore,
the self-similar compression can greatly enhance the coherence of the
SC generation.

6. Conclusion

In summary, we have designed a tapered suspended silicon strip
waveguide which has an exponentially decreasing dispersion profile
along the direction of propagation for self-similar picosecond pulse
compression. In the realistic case with linear and nonlinear losses,
variation of 𝛾(z), HOD, and HON considered, a 1 ps pulse centered at
wavelength 2.8 μm is compressed to 47.06 fs in the 3.9-cm waveguide
taper, along with negligible pedestal. The compression factor 𝐹c is
21.25 with a quality factor 𝑄c of 0.78. We estimate the SC genera-
tion with the two pump pulses in a uniform silicon strip waveguide.
Simulation results show a significant improvement of the coherence of
the generated SC from the compressed pulse comparing to that from
picosecond pulse. Such a SC generation scheme with a picosecond
input pulse is a promising method to fulfill the on-chip mid-infrared
SC source when the mid-infrared mode-locked femtosecond lasers are
still lacking.
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