
Results in Physics 24 (2021) 104195

Available online 16 April 2021
2211-3797/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

On-chip octave-spanning supercontinuum generation in hybrid slot 
waveguide by power-efficient dual pump 

Kangzhu Zhou a, Qian Li a,*, Zhe Kang b,c,*, Jiayao Huang a, P.K.A. Wai c 

a School of Electronic and Computer Engineering, Peking University, Shenzhen 518055, China 
b Ningbo Research Institute, Zhejiang University, Ningbo, China 
c Photonics Research Centre, Department of Electronic and Information Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong   

A R T I C L E  I N F O   

Keywords: 
Supercontinuum 
Frequency comb 
Integrated optics 

A B S T R A C T   

We propose an on-chip cascaded structure consisting of a microresonator and a slot waveguide to generate the 
high-performance supercontinuum harnessing the dual pump scenario. Utilizing a single CW pump with the 
power of only 0.1 W, the dissipative Kerr soliton with the full width at half maximum of 69.2 fs and the peak 
power of 103.3 W is generated and couples out the microresonator together with the CW pump to serve as a dual 
pump seed for the supercontinuum generation in the followed slot waveguide. The slot waveguide built upon a 
silicon-organic hybrid structure is carefully designed to possess remarkable nonlinearity and appropriate 
dispersion profile for smooth and broadband supercontinuum generation. We have numerically achieved the 
1.56 octave-spanning supercontinuum spanning 1 ~ 3 μm with the proposed dual pump scenario. The super
continuum generated by the dual pump scenario shows flattened, broadband, and quasi-right-angled-trapezoid 
shape, along with good coherence. Compared with the single pump scenario of CW or soliton pulse only, the 
supercontinuum generated by the dual pump scenario possesses the much stronger spectrum, broader spanning, 
and medium coherence. Our work opens up a new path for on-chip and cost-effective supercontinuum generation 
with the high performance of intensity, bandwidth, and coherence.   

Introduction 

The inherent characteristic of nonlinear optics is the spectral 
broadening as well as the new frequency components generation [1]. 
Supercontinuum (SC) generation known as a representative branch of 
nonlinear phenomena generates coherent sources with dramatically 
broadened spectrum using the narrow band seeds [1]. The generation of 
high-quality SC attracts significant interests in multitudinous research 
fields, e.g. spectroscopy, metrology, medical imaging, and telecommu
nications. The numerous applications of SC in these fields include the 
trace gas sensing [2], velocity and temperature measurements [3], op
tical coherence tomography (OCT) [4], wavelength division multi
plexing [5], etc. The research of SC was pushed to a climax since the 
experimental demonstration in the photonic crystal fibers in 2000 [6]. In 
the following two decades, the development of SC generation in optical 
fibers came a long way [7–10]. At the same time, the frequency comb 
has attracted increasing attention due to the wide applications in 
metrology and spectroscopy [11]. However, the inherent small nonlin
earity of bulky fiber platforms requires increasing either the pump 

power or the propagation length to generate the broadband SC, which 
sets a huge obstacle to the cost-efficiency, miniaturization, and 
integration. 

In recent years, the research hot spot of SC has shifted from the fiber- 
based platforms to the monolithic waveguide platforms. The nonlinear 
waveguides built upon Group IV and III-V semiconductors exhibit many 
advantages, e.g. compactness, extremely tight mode confinement, large 
nonlinearity, dispersion tailoring capability, and compatibility with the 
CMOS process [12,13]. Recently, the SC generation in waveguide plat
forms has been extensively reported. The ultra-broadband SC spanning 
470 ~ 2130 nm in the silicon nitride waveguide has been demonstrated 
[14]. Johnson et al. demonstrated the generation of a SC spanning more 
than 1.4 octaves in a silicon nitride waveguide by using the sub-100-fs 
pulses [15]. The experiment of linearly polarized 2 ~ 10 μm SC gener
ation in a chalcogenide rib waveguide has also been achieved [16]. Build 
upon the previous works on single devices, the combinations of several 
devices for higher performance SC or frequency comb have been 
explored. In very recent years, some complex structures containing 
diverse devices, e.g. the microresonator, highly nonlinear fiber, and 
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amplifier, have been proposed to generate the SC or frequency comb 
with the broader spectrum and larger spectral intensity [17,18]. For 
example, a fully integrated comb generator with a spectral broadening 
module was investigated by Wang et al. to achieve the high-power comb 
lines for self-referenced stabilization in 2016 [18]. The spectral broad
ening module contains many components, e.g. a filter to remove the CW 
component, an amplifier to enhance the filtered spectrum, and a 
nonlinear waveguide to further broaden the spectrum. However, the 
feasibility of the scheme in [18] critically relies on the on-chip ampli
fiers, which limits the practical application on the non-heterogeneous 
platforms. 

The reported works show that the SC sources with longer pump 
pulses, e.g. the picosecond, nanosecond, and even CW, are cost-effective 
and more practical in the diverse applications [19–21]. But, the SCs 
generated by the CW or quasi-CW pump are typically very noisy and 
incoherent due to the modulation instability (MI) domination [22]. 
Thus, it is difficult to generate the coherent and broadband SC in the 
waveguide with the CW laser, especially under a low power level. 
Commonly, as an alternative, the SC generated by ultrashort femto
second pulse seed can obtain a less noisy and highly coherent spectrum 
[6]. However, the high-power femtosecond laser sources are practically 
very expensive and require careful handling as well as maintenance, 
which limits its wide applications out-of-lab. Moreover, the distinct and 
localized fundamental soliton components ejected from the femtosecond 
seed make the SC not smooth [22]. It is desirable to possess the ad
vantages of CW and ultrashort pulse sources at the same time to avoid 
the above-mentioned disadvantages. 

In this paper, we propose an on-chip cascaded structure to generate 
ultrashort dissipative Kerr soliton (DKS) in microresonator first with low 
power CW pump. Then, the DKS couples with the CW pump to serve as 
the dual pump for the high-performance SC generation in followed slot 
waveguide. Typically, joint high nonlinearity and appropriate anoma
lous dispersion characteristics provide SC generation with high perfor
mance. To satisfy these requirements, the slot waveguide is carefully 
designed to tailor the dispersion and nonlinearity in section 2. In section 
3, the performance of the DKS and frequency comb generation inside 
microresonator is studied. Next, the results of the SC generation in the 
followed hybrid slot waveguide driven by the dual pump are studied in 
section 4. In order to highlight the advantages of the SC generated by the 
dual pump scenario, we carry out a systematic study in section 5 to 
evaluate the performance of the spectrum, coherence, and signal-to- 
noise ratio (SNR) under the dual pump, CW pump only, and soliton 
pump only scenarios. Finally, we draw the conclusions about the per
formances, superiorities, and potential applications of the SC harnessing 
the dual pump scenario. 

Principle and design 

The schematic diagram of SC generation in the proposed on-chip 
cascaded structure is shown in Fig. 1. The silicon nitride micro
resonator is followed by the silicon-organic hybrid (SOH) slot wave
guide to construct the proposed integrated structure. The 1550 nm CW 
pump drives the microresonator to generate DKS firstly and then couples 
with it to seed the followed slot waveguide for SC generation. Deter
ministic generation of single DKS in microresonator has been confirmed 
by using either specific pump-resonance scanning or pulse triggering 
method [23,24]. The simple cascaded structure without any filter and 
amplifier confirms the great potential to develop a compact, cost- 
effective, and power-efficient SC generation platform. It is known that 
high nonlinearity and flattened dispersion profile are beneficial for the 
broadband and smooth SC, especially under a low pump power condi
tion. Thus, the selection of materials and the design of waveguide geo
metrics are necessary. The poly (bis p-toluene sulfonate) of 2, 4- 
hexadiyne-1, 6-diol (PTS) single crystal polymer material, as an attrac
tive optical organic material, has many excellent optical properties, e.g. 
high nonlinear refractive index and negligible two-photon absorption 
(TPA) effect [25]. The nonlinear refractive index of PTS is n2 = 2.2×

10− 16 m2/W, which is about four orders of magnitude larger than that 
of the silica (@ n2 = 2.48× 10− 20 m2/W) [13]. Compared with the strip 
waveguide, the slot waveguide can offer a much smaller effective area, 
thus significantly improving the nonlinearity. Moreover, the scattering 
loss induced by the sidewall roughness can be minimized by harnessing 
the horizontal slot structure instead of the vertical slot structure [26,27]. 
Fig. 2(a) shows the 3D view and cross-section of the proposed SOH slot 
waveguide. The waveguide has a PTS core layer sandwiched by two 
silicon cladding layers [25]. 

The geometrical parameters of the slot waveguide are optimized to 
obtain the high nonlinear coefficient and appropriate dispersion profiles 
based on the finite element method. The width and height of the silicon 
layer are chosen as W = 260 nm and H = 270 nm, respectively. The 
calculated group velocity dispersion (GVD) profiles as a function of 
wavelength are shown in Fig. 2(b) at different heights of the slot. The 
optimized height of the slot core layer is found to be S = 30 nm because 
the corresponding zero-dispersion wavelength of GVD profile is closer to 
the pump wavelength (@1550 nm), which is beneficial for broadband 
and smooth SC generation. As shown by the blue dotted curve in Fig. 2 
(c), the dispersion profile is also tailored to a flat saddle-shape that can 
enhance the flatness of SC [28]. Moreover, the inset of Fig. 2(c) shows 
that most of the electric field is tightly confined inside the narrow slot 
core, indicating that the proposed waveguide possesses the excellent 
mode confinement ability. The profile of third-order dispersion (TOD) 
around 1550 nm in Fig. 2(d) is close to 0, which confirms the flattened 
GVD profile in Fig. 2(c). According to the definition of γ = 2πn2/(λAeff), 
the nonlinear coefficient γ is inversely proportional to the effective 

Fig. 1. The schematic diagram of CW laser, couplers, optical spectrum analyzer, and the proposed on-chip cascaded structure consisting of a microresonator and a 
hybrid slot waveguide for the SC generation harnessing the dual pump scenario. 
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areaAeff . Fig. 2(d) shows the effective area is tailored to be minimum 
around the 1550 nm pump wavelength. The nonlinear coefficient thus 
can reach as large as 19731 W - 1/m to guarantee efficient nonlinear 
interaction within a shorter propagation length. 

Dual pump generation 

In order to generate the dual pump, the DKS is firstly generated in the 
microresonator driven by a low power (@0.1 W) CW pump. The intra
cavity dynamic of the CW-driven microresonator is governed by the 
Ikeda map [29] including the GVD, TOD, and self-phase modulation 
(SPM) terms, which is given by [30], 

Em+1(t, 0) =
̅̅̅
θ

√
Ein +

̅̅̅̅̅̅̅̅̅̅̅
1 − θ

√
eiφ0 Em(t,L),

∂Em

∂z
+

αi

2
Em + i

β2

2
∂2Em

∂t2 −
β3

6
∂3Em

∂t3 = iγ|Em|
2Em,

where E(t, z), t, z, and L are the slowly varying envelope of the field, the 
retarded time variable, the propagation step variable, the roundtrip 
length of the microresonator, respectively. The Em + 1(t, 0) is the intra
cavity field at the beginning of the m + 1-th roundtrip, which is the 
coupled result between the driving field Ein and the intracavity field at 
the end of the m-th roundtrip Em(t, L). θ indicates the coupling coeffi
cient between the microring and the bus waveguide of the micro
resonator. φ0 is the linear phase shift. αi, β2, β3, and γ represent the 
linear loss, GVD parameter, TOD parameter, and nonlinear coefficient of 
the microresonator, respectively. The right-hand side of Eq. (2) depicts 
the SPM process. We define in our simulation the parameters of micro
resonator as β2 = − 160 ps2/km,β3 = 3.3 ps3/km, γ = 0.9 W - 1/m, 
αi = 0.2 dB/cm [18], θ = 0.0038, and L = 0.715 mm, respectively. 

Fig. 2. (a) 3D structure of slot wave
guide and its cross-section. (b) GVD 
profiles with the slot height S increasing 
from 10 to 50 nm. (c) GVD (red dash 
curve) as well as the dispersion (blue 
dotted curve) profiles and the 1550 nm 
quasi-TM mode polarization (the inset) 
of the slot waveguide. (d) TOD (red 
dash curve) and effective area (blue 
dotted curve) profiles. The curves in (b), 
(c), and (d) are calculated as the func
tions of wavelength and the green ver
tical lines indicate 1550 nm. (For 
interpretation of the references to 
colour in this figure legend, the reader 
is referred to the web version of this 
article.)   

Fig. 3. The (a, c) evolutions of the optical field inside microresonator and (b, d) instantaneous profiles at the final 1,8000 roundtrips as well as their (e, g, h) partially 
zoom-in part in (a, b, e) time domain and (c, d, g, h) frequency domain. (f) The temporal profile at the through port of microresonator. The comb spectrum is shown 
with (g) wavelength and (h) frequency scales. 
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As shown in Fig. 1, we utilize the CW pump with the power of 0.1 W 
and center wavelength of 1550 nm to drive the microresonator. Fig. 3(a) 
and 3(b) show the temporal evolution profile inside the microresonator 
and the instantaneous temporal profile at the final 18,000 roundtrips. 
We note that DKS is excited before 9000 roundtrips and the roundtrips 
are extended from 9000 to 18,000 to show the stable state of DKS more 
clearly. By scanning the pump frequency across the cavity resonance 
frequency to reach the effective red-detuned condition, the single DKS 
state is excited at 8,660 roundtrips. We observe in Fig. 3(e) that the peak 
power and full width at half maximum (FWHM) of the single DKS inside 
the resonator are 103.3 W and 69.2 fs, respectively. The DKS has a weak 
CW background with the power of 0.75 W. Fig. 3(c) shows the corre
sponding spectral evolution inside the microresonator, indicating that a 
relatively broad spectrum is obtained after the DKS is excited. There is 
an obvious MI product before 3,000 roundtrips and subsequently the 
spectrum evolution moves to the stage of cascaded four-wave mixing 
(FWM) [22]. Fig. 3(d) shows the instantaneous spectral profile of the 
single DKS at the final 18,000 roundtrips. A frequency comb with a 
smooth sech2-shaped profile and bandwidth of 293.3 nm at the –30 dBm 
level is achieved. The peak on the frequency comb at 1377 nm is induced 
by the dispersive wave generation due to the perturbation of high-order 
dispersion [31] and the nonlinear round-trip phase shift [32]. The peak 
at 1377 nm will disappear if only the GVD parameter is considered. 
Fig. 3(g) shows the partially zoom-in view of the comb spectrum around 
the pump wavelength, which has evenly spaced comb lines with the 
identical wavelength interval of 0.0626 nm. Fig. 3(h) shows the corre
sponding comb spectrum with frequency scale, indicating clearly the 
identical frequency interval of 7.81 GHz equal to the free spectral range 
of the microresonator. 

The microresonator used in the simulation has a high Q-factor so that 
only a small fraction of the CW pump is coupled into the cavity and a 
small fraction of the intracavity DKS is coupled out. Most of the input 
CW field will directly propagate through the bus waveguide and 
coherently couple with the output DKS at the through port of the 
microresonator. The output field is given by, 

Eout =
̅̅̅̅̅̅̅̅̅̅̅
1 − θ

√
Ein +

̅̅̅
θ

√
Ecavitye

π
2 i,

where Eout, Ein, and Ecavity are the output field of microresonator, the 
input field of microresonator, i.e. CW pump, and the intracavity field 
inside the microresonator, respectively. Fig. 3(f) shows the temporal 
profile of the output field. We observe that a complex-shaped pulse with 
the peak power of ~0.47 W superimposed on the CW background of 
~0.14 W is obtained. The oscillatory tail is induced by the dispersive 
wave generation [33]. The complex pulse will serve as the dual pump to 
further generate SC in the followed slot waveguide. 

Performance of SC harnessing dual pump 

The SC generation in the proposed SOH slot waveguide is governed 
by nonlinear Schrödinger equation including the three-photon absorp
tion (3PA) effect, as given by [25], 
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where γ3PA is the 3PA coefficient, and ω0 depicts the center angular 
frequency, which can be written as ω0 = 2πc/λ0 with the center wave
length λ0(@ 1550 nm) in the simulation. The self-steepening is also 
considered in Eq. (4). Since the optical mode is tightly confined inside 
the PTS core layer of the SOH slot waveguide, the influences of TPA and 
free carrier absorption (FCA) of the silicon cladding layers are safely 
neglected. Raman contribution is also safely neglected for the two rea
sons. First, Raman scattering is negligible for TM mode of horizontal slot 

structure [34]. Second, Raman scattering is not important in PTS due to 
its large Raman frequency shift (@28.6 THz) and narrowband (@310 
GHz FWHM) Raman-gain spectrum [25,34]. 

As mentioned above, the output field of microresonator will be the 
input field of the followed slot waveguide. The connection loss between 
the microresonator and the slot waveguide is ignored in our work. The 
low loss strip-to-slot mode converter demonstrated in [35] can be 
helpful in practice. The GVD parameter, TOD parameter, and nonlinear 
coefficient of the SOH slot waveguide at 1550 nm are calculated to be 
− 15.5 ps2/km,4.203 ps3/km, and 19731 W - 1/m, respectively. The 
linear loss is set as αi = 4.5 dB/cm [36]. The process of SC generation 
can be regarded as a noise sensitive process intrinsically, indicating that 
the fluctuations of input field induced by noise will significantly affect 
the stability of SC [22]. The one photon per mode model is adopted to 
simulate the noise field by adding a random phase noise on each nu
merical grid point in the frequency domain [37], as given by, 

Ẽnoise = η
̅̅̅̅̅
P0

√
exp

(
i2πÛ

)

where η represents the noise level and P0 is the peak power of pump 
field. The Û indicates a uniformly distributed random variable between 
0 and 1. η is assumed to be 10-6 without the special instructions. 

The input and output instantaneous spectral profiles and the spectral 
evolution are shown in Fig. 4. Fig. 4(a) shows the envelope of the 
spectrum of the input field is very similar to that of the frequency comb 
in Fig. 3(d), but a lower spectral power on the soliton component. Fig. 4 
(b) shows the spectrum already undergoes a significant broadening 
within a short distance of 5 mm due to the large nonlinearity of the SOH 
waveguide. By setting the center wavelength (@1550 nm) as the 
boundary, the spectral broadening of the shorter wavelength side is 
significantly weaker than that of the longer wavelength side because the 
soliton fission induced red-shifted components is stronger than the blue- 
shifted one. In addition, we see that there are some small depressions on 
the spectrum around 1550 nm from 0 to 10 mm propagation. This in
dicates that the spectrum around 1550 nm is weaker than the other 
bands, which dramatically affects the flatness of SC. Subsequently, the 
spectral power around the center wavelength (@1300 ~ 2000 nm) 
gradually increases to make the SC more flattened. We find the final 
spectrum shown in Fig. 4(c) changes to a flattened, broadband, and 
quasi-right-angled-trapezoid shape from an original sharp, narrow, and 
quasi-triangle shape in Fig. 4(a). Fig. 4(d) shows that soliton fission 
occurs within 1 mm and the fundamental soliton shifts towards the pulse 
trailing edge rapidly for the 2 to 5 mm propagation because the group 
velocity of the red-shifted spectrum of the soliton decreases, which 
confirms the phenomenon that the spanning of longer wavelength 
spectrum is broader than that of shorter wavelength spectrum. The ob
tained bandwidths at –30 dBm level without and with 3PA as the 
function of propagation length are shown in Fig. 4(e). We note that the 
propagation length is extended from 25 to 45 mm to make the variation 
trend clearer. It is clearly seen that the bandwidths at –30 dBm level of 
the two cases both always decrease as the propagation length increases, 
especially for the 25 to 30 mm propagation. The bandwidth with 3PA is 
narrower than that without 3PA during the entire propagation. How
ever, the difference of bandwidth ranges only from 25 to 35 nm, which 
has a slight influence on the whole spectrum that spanning ~ 2000 nm. 
The weak effect of 3PA on the spectrum benefits from the low pump 
power level used. 

Evaluation and discussion 

We separate the CW and soliton components of the output field at the 
through port of microresonator and inject them individually into the 
SOH slot waveguide to highlight the superiorities of the proposed dual 
pump scenario. Fig. 5 shows that the spectral characteristics of three 
pump scenarios at different propagation lengths. The instantaneous 
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spectral profiles of different pump scenarios, all undergo a significant 
spectral broadening during the initial stage of the evolution from 0 to 5 
mm because of the large nonlinearity provided by the SOH slot wave
guide. The two MI sidelobes gradually appear in the spectrum of CW 
pump only scenario in Fig. 5(b), which depicts that the power of the MI 
sidelobes grows larger and faster than the spectrum around 1550 nm. 
Fig. 5(c) shows the instantaneous profile of the soliton pump only sce
nario becomes a quasi-rectangular shape from an original triangle shape 
from 0 to 10 mm propagation. We can observe that the spectral shape is 
almost maintained from 10 to 25 mm propagation. As shown in Fig. 5 
(b), the MI effect which is a noise-driven process, plays an important role 
in the CW pumped SC generation [22]. The MI effect amplifies the 
background noise thus yields the low coherence and poor SNR, as shown 
in Fig. 6(e) and 6(h). The soliton pumped SC in Fig. 5(c) is dominated by 
the soliton fission effect rather than the MI effect [22], which brings the 

much higher coherence and SNR, as shown in Fig. 6(f) and 6(i). Fig. 5(a) 
shows the dual pumped SC also has background noise due to the 
contribution of the CW component, but possesses better coherence and 
SNR (Fig. 6(d) and 6(g)) due to the contribution of the soliton compo
nent. Moreover, Fig. 5(a) shows that the dual pumped SC evolves more 
rapidly compared with that in Fig. 5(b), and reaches the maximal 
bandwidth in a shorter distance because of the contribution of the sol
iton component [1]. As mentioned above, the background noise can be 
suppressed by increasing the proportion of the soliton component in the 
dual pump by adjusting the power of the input CW driving field. 

To avoid the accidental conclusion using the single result, we do 112 
individual simulations and calculate their average spectra of different 
pump scenarios in Fig. 6. Fig. 6(a) shows that the spectrum of dual pump 
scenario is broadened remarkably compared with the input one after 25 
mm propagation. The bandwidths at –20 and –30 dBm levels are 1836 

Fig. 4. The (a) input profile, (b) evolution, and (c) output profile of the spectrum with 3PA. (d) Temporal evolution with 3PA from 0 to 5 mm. (e) Bandwidths at –30 
dBm level of SC generation in the SOH slot waveguide under different propagation lengths without and with 3PA. 

Fig. 5. The instantaneous spectral profiles of (a) dual pump, (b) CW pump only, and (c) soliton pump only scenarios under different propagation lengths.  
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nm (@1044 ~ 2880 nm) and 1980 nm (@1020 ~ 3000 nm), which 
reach 1.46 and 1.56 octave-spanning, respectively. Fig. 6(b) shows the 
spectrum is broadened to some extent with two evident MI sidelobes 
when the slot waveguide is pumped by the CW pump only. Fig. 6(c) 
shows that the spectrum generated by the soliton pump only scenario is 
much narrower and weaker than that of the other two pump scenarios. 
We conclude from these results that the dual pump scenario generates 
the much broader and stronger spectrum. 

Furthermore, the degree of coherence and the SNR are also calcu
lated and shown in Fig. 6 according to the references [36–38] to 
compare dual pump scenario with the other two pump scenarios in a 
more comprehensive and systematic perspective. It is noted that the 
coherence and SNR of the center wavelength are ignored to avoid 
interference from the remaining pump component. The degree of 
coherence is introduced to characterize the noise sensitivity of output 
spectrum and estimate the coherence of individual simulations. Fig. 6(d) 
shows the coherence of dual pump has a good performance from 1200 to 
2200 nm. The coherence of the CW pump only scenario is almost to 0 for 
the whole spectrum in Fig. 6(e). Fig. 6(f) shows the coherence of soliton 
pump only scenario reaches unit over the entire spectral bands because 
the FWHM of the soliton pulse is as short as 69.2 fs. Thus, soliton fission 
dominates the SC generation process instead of the MI to achieve 
excellent coherence. It is apparent that the performance of coherence of 
the dual pump scenario is between that of the CW and soliton pump only 
scenarios. Fig. 6(g) shows the multiple SNR peaks of dual pump scenario 
are larger than 2. In comparison, Fig. 6(h) shows the SNR of CW pump 
only scenario is very weak and lower than 2. Fig. 6(i) shows that the 
multiple SNR peaks of soliton pump only scenario are above 102 and 
even up to 107, indicating that the noise is much smaller than the output 
signal. The SNR performance of dual pump scenario is far weaker than 
that of the soliton pump only scenario but stronger than that of the CW 
pump only scenario. 

As shown in Fig. 7, the overall spectral coherence R and overall SNR 
are calculated for the spectra at different noise levels to compare the 
performance of SC among three pump scenarios in a quantitative way 
[38–40]. Overall spectral coherence R is a single value that can char
acterize the coherence of overall spectra. Fig. 7(a) shows that the overall 
spectral coherence of soliton pump only scenario maintains unit when 
log10(η) increases from –6 to –3, indicating that the spectrum is 
completely coherent with the noise level below 10-3. As log10(η) in
creases from –3 to –1, the overall spectral coherence degrades quickly 
from 1 to 0.15. The degradation is slowed down as log10(η) is close to 0. 
The overall spectral coherence of the dual pump scenario shares the 
same trend as that of the soliton pump only scenario. When the noise 
level is below 10-8, the spectrum of dual pump scenario is completely 
coherent, i.e. the overall spectral coherence maintains unit. Moreover, 
the overall spectral coherence of dual pump scenario has a rapid 
degradation from 1 to 0.13 when log10(η) increases from –8 to –6, 
indicating that much better coherence can be achieved by controlling 
the noise level below 10-6. The overall coherence of CW pump only 
scenario is always close to 0 as log10(η) increases from –9 to –3, indi
cating the spectrum is extremely noisy even under lower noise level. 
These results reflect that the noise sensitivity of dual pump scenario is 
between that of CW and soliton only pump scenarios. 

Similarly, the overall SNR can be calculated in a single value to es
timate the SNR of whole spectrum [39]. Fig. 7(b) shows that the overall 
SNR varies with different noise levels in logarithmic scale. As log10(η)
increases from –6 to –1, the overall SNR of soliton pump only scenario 
decreases dramatically from 5 × 105 to 3.2. Besides, we can observe that 
log10(〈SNR〉 ) decreases linearly when log10(η) increases from –6 to –1. 
The overall SNR will decrease 10 times when the noise level increases 10 
times. Similarly, log10(〈SNR〉 ) of dual pump scenario shows a linearly 
decreasing trend that the overall SNR decreases from 200 to 2.4 as 
log10(η) increases from –9 to –7. The overall SNR of CW pump only 

Fig. 6. The (a, b, c) SC, (d, e, f) coherence, and (g, h, i) SNR of (a, d, g) dual pump, (b, e, h) CW pump only, and (c, f, i) soliton pump only scenarios. The red, grey and 
black curves in (a), (b), and (c) indicate the input fields, the spectra of 112 individual simulations, and their average spectra. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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scenario maintains 1.5 when log10(η) increases from –9 to –7. The inset 
of Fig. 7(b) shows the overall SNR of dual pump and CW pump only 
scenario in linear scale. We can observe that the overall SNR of dual 
pump scenario is almost same as that of CW pump only scenario when 
the noise level is above 10-6.5, indicating the noise tolerance between 
them is very close. When log10(η) increases from –6.5 to –3, their overall 
SNR deceases from 1.35 to 1.05. In conclusion, the dual pump scenario 
shows medium overall spectral coherence and overall SNR under 
different noise levels, which is between that of the CW and soliton pump 
only scenarios. The CW pump only scenario shows the weakest coher
ence and SNR. Although soliton pump only scenario shows the best 
coherence and SNR, its spectrum is much narrower and weaker than that 
of dual pump scenario. 

Furthermore, Fig. 8 shows that R and log10(〈SNR〉 ) are calculated to 
investigate the evolution trend of overall spectral coherence and overall 
SNR of the three pump scenarios. It is clear that R and log10(〈SNR〉 )of the 
soliton or CW pump only scenario exhibit excellent stability during the 
entire propagation process. Fig. 8(a) shows that the R of soliton pump 

only scenario is always close to unit while that of CW pump only sce
nario is always close to 0. The R of dual pump scenario degrades 
dramatically from 1 to 0.2 when propagating from 5 to 15 mm and no 
longer decreases after 20 mm. It maintains ~ 0.13 for the 20 to 45 mm 
propagation. Similarly, Fig. 8(b) shows that log10(〈SNR〉 ) of the soliton 
pump only scenario is always close to 6 while that of the CW pump only 
scenario is always close to 0 and maintains ~ 0.04. However, 
log10(〈SNR〉 ) of dual pump scenario decreases from 3.3 to 0.05 for the 5 
to 20 mm propagation and subsequently maintains ~0.05. The results 
also confirm that the performance of dual pump scenario on overall 
spectral coherence and overall SNR is better than that of CW pump only 
scenario and weaker than that of soliton pump only scenario among the 
whole propagation. Compared with the traditional single pump scenario 
of CW or soliton pulse only, the results from Fig. 5–8 show that dual 
pumped SC possesses the much stronger spectrum, broader spanning, as 
well as the medium coherence and SNR. The octave-spanning spectrum 
with better coherence and SNR generated by our method can fulfill the 
requirements of some applications such as the OCT in biomedical im
aging [4] and frequency metrology [15]. 

Fig. 7. (a) Overall spectral coherence in linear scale and (b) overall SNR in 
logarithmic scale of dual pump, CW pump only, and soliton pump only sce
narios under different noise levels. The dashed line in (a) represents R = 1 and 
the inset in (b) shows the local part of the overall SNR in linear scale with noise 
level increasing from 10-6.5 to 10-3. 

Fig. 8. (a) Overall spectral coherence R in linear scale and (b) overall SNR in 
logarithmic scale of dual pump, CW pump only, and soliton pump only sce
narios under different propagation lengths. 
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Conclusions 

In summary, we propose a simple on-chip structure that a micro
resonator is cascaded by a SOH slot waveguide to achieve the octave- 
spanning SC with strong intensity and good coherence. The SOH 
waveguide adopts the horizontal slot structure filled by PTS material 
with ultrahigh nonlinear refractive index. We carefully design the 
waveguide to achieve the high nonlinearity as well as the appropriate 
dispersion profile for the broadband and flattened SC. With a low power 
(@0.1 W) CW pump only, the dual pump seed which is obtained through 
the DKS generation in the microresonator, further drives the SOH 
waveguide and achieves a flattened, quasi-right-angled-trapezoid- 
shaped, and 1.56 octave-spanning (@1 ~ 3 μm) SC with good coher
ence. The performances of SC under different pump conditions, i.e. dual 
pump, CW pump only, and soliton pump only, are comprehensively 
studied. The coherence and SNR are also evaluated quantitatively. The 
results show that the bandwidth and spectral intensity of SC by the dual 
pump scenario is much broader and stronger than that of CW and soliton 
pump only scenarios. The coherence and SNR of dual pump also have 
good performance under different noise levels and propagation lengths. 
Considering the spectrum spanning, intensity, coherence, and SNR for 
the power-efficient SC generation, the proposed dual pump scenario 
shows apparent superiority. The results of this work offer a feasible 
scheme and credible evidence that dual pump scenario is promising for 
on-chip and high-performance SC generation. The performance is 
significantly improved by dual pump scenario compared with that of 
direct-CW-pumping waveguide schemes reported so far, especially 
under a low pump power. The high-performance SC generation using the 
proposed power-efficient dual pump method will prospectively find 
significant and practical applications in high demanding spectroscopy, 
metrology, and communications. 
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