CHALMERS

UNIVERSITY OF TECHNOLOGY

Coherent supercontinuum generation in all-normal dispersion
Si<inf>3</inf>N<inf>4</inf> waveguides

Downloaded from: https://research.chalmers.se, 2022-10-11 19:42 UTC

Citation for the original published paper (version of record):

Rebolledo Salgado, I., Ye, Z., Christensen, S. et al (2022). Coherent supercontinuum generation in
all-normal dispersion Si<inf>3</inf>N<inf>4</inf>
waveguides. Optics Express, 30(6): 8641-8651. http://dx.doi.org/10.1364/OE.450987

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library

(article starts on next page)



™ |

Check for
updates

Research Article Vol. 30, No. 6/14 Mar 2022/ Optics Express 8641

=

Optics EXPRESS

Coherent supercontinuum generation in
all-normal dispersion SizsN; waveguides

ISRAEL REBOLLEDO-SALGADO,'2" ® ZHICHAO YE,! SIMON
CHRISTENSEN,® ® FUuCHUAN LEI," ® KRISHNA TWAYANA,'
JOCHEN SCHRODER,! MARTIN ZELAN,2 AND VICTOR
TORRES-COMPANY'

! Department of Microtechnology and Nanoscience (MC2), Photonics Laboratory Chalmers University of
Technology, SE-41296, Sweden
2Measurement Science and Technology, RISE Research Institutes of Sweden, SE-501 15 Bords, Sweden

3 Photonics Department, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
“israels@chalmers.se

Abstract: Spectral broadening of optical frequency combs with high repetition rate is of
significant interest in optical communications, radio-frequency photonics and spectroscopy.
Silicon nitride waveguides (SizN4) in the anomalous dispersion region have shown efficient
supercontinuum generation spanning an octave-bandwidth. However, the broadening mechanism
in this regime is usually attained with femtosecond pulses in order to maintain the coherence.
Supercontinuum generation in the normal dispersion regime is more prone to longer (ps) pulses,
but the implementation in normal dispersion silicon nitride waveguides is challenging as it
possesses strong requirements in propagation length and losses. Here, we experimentally
demonstrate the use of a SizN4 waveguide to perform coherent spectral broadening using pulses
in the picosecond regime with high repetition rate. Moreover, our work explores the formation of
optical wave breaking using a higher energy pulse which enables the generation of a coherent
octave spanning spectrum. These results offer a new prospect for coherent broadening using long
duration pulses and replacing bulky optical components.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Broad bandwidth frequency combs with high repetition rate have found a myriad of applications
in fields such as optical communications [1,2], radio-frequency (RF) photonics [3,4] and
spectroscopy [5,6]. Spectral broadening of high repetition rate frequency combs can be done by
supercontinuum generation [7]. Earlier works focused on silica-based nonlinear fibers as the
nonlinear platform, but in the past few years alternative planar integrated waveguide technologies
have emerged, like silicon [8,9], silicon nitride (Si3Ny4) [10,11], AlGaAs [12] or lithium niobate
[13].

The supercontinuum (SC) generation in Si3Ny4 has attracted significant interest since it offers
a high nonlinear coefficient and a wide transparency range without two-photon absorption
in the near infrared [14]. In this platform, more studies have reported octave-spanning SC
spectrum by exploiting the dispersion engineering capabilities and low losses attainable in SizNy
waveguides [10,11,15,16]. These previous works have focused in the anomalous dispersion
regime in combination with femtosecond pulses, where the coherence is maintained with relatively
short propagation lengths and low energy pulses [17]. When pumping the waveguide in the
anomalous dispersion region, the major broadening mechanisms are soliton compression and
the generation of dispersive waves [18]. When pumping with longer (ps) pulses, the soliton
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self-compression effect can be utilized [19] to attain coherent broadening. This strategy has been
recently implemented in silicon nitride waveguides [20].

A well known alternative for the generation of coherent spectra using picosecond pulses as
pump source is using a high non-linear fiber (HNLF) working in the normal dispersion regime
[21-25]. In this approach, the SC generation benefits of the typical low-losses and long lengths of
optical fibers, nevertheless, obtaining similar results on integrated waveguides poses a challenge.
Ultralow-losses in micro-ring resonators have been reported in SizNy, but attaining low-losses in
dispersion-engineered, high-confinement waveguides have only been achieved recently [26-28].
The SC generation on chip in the all-normal dispersion (ANDi) regime has been reported in
silicon-rich silicon nitride waveguides [29] and by engineering the dispersion of the polarization
modes in SizNy [30]. The dominant nonlinear processes in the ANDI region are self-phase
modulation (SPM) and optical wave breaking (OWB) [31], hence the bandwidth of the SC is
reduced in comparison with the anomalous dispersion case [11,18]. However, SC generation
in ANDi waveguides does not exhibit fine spectral structure neither large dips since it does not
rely on soliton processes or dispersive wave generation. By suppressing all soliton dynamics,
the amplification of input shot noise inherent to modulation instability (MI) is avoided and the
coherence of the spectra is preserved [32] when pumping with picosecond pulses. The duration of
the seed pulse to perform coherent broadening in the ANDI regime is limited by Raman-amplified
noise and polarization MI [33].

In this work, the generation of SC in the ANDi region is reported using a long Si3N4 waveguide
with ultra-low loss and engineered with low and flat group velocity dispersion (GVD). By using
a Gaussian shaped picosecond pulse as a pump, we broadened its initial bandwidth up to 2.5
times achieving a flat and stable spectrum. To the best of our knowledge, we report for the first
time an octave broadening in an ANDi Si3N4 integrated waveguide pumping with a femtosecond
pulse. We demonstrate the high quality of the noise and stability of the generated spectra for
both pumping schemes. These results highlight the potential of silicon nitride waveguides as an
alternative to optical fibers in the normal dispersion region for SC generation. The robustness in
terms of flatness and noise performance of the SC generated in the ANDi waveguide makes it an
ideal source for applications such as pulse compression into the few cycle regime, self-referencing
of high repetition rate frequency combs, optical coherence tomography and telecommunications.
Combined with the possibility to engineer the dispersion profile in the near infrared and visible
ranges, this work also opens an avenue of opportunities for the realization of astronomical
spectrographs [34] and the generation of comb light sources for biomedical imaging [5].

2. ANDi silicon nitride waveguide

The waveguide is fabricated in SizNy using a subtractive processing method [35]. The waveguide
consists of three cascaded Archimedean-spirals to attain a length of 20 cm within a device
footprint of 3 mm?. A microscopic image of a single spiral waveguide unit is shown in Fig. 1(a).
The waveguide with a core geometry of 2700 x 690 nm? was simulated in the finite element
method solver COMSOL Multiphysics using the refractive index data of the silicon nitride and
silica cladding materials. The waveguide sustains up to eight modes.

To reduce the coupling between different transverse modes, an optimized S-bend design was
used to connect clock- and anticlock-wise waveguides, and stitching error compensation was
introduced between adjacent spiral waveguide units [36,37]. The GVD profile of the TE mode is
shown in Fig. 1(b) and exhibits a low and flat dispersion near the central wavelength of 1550
nm. At this wavelength, the simulated GVD is 15 ps2/km and the nonlinear coefficient (y) is
0.7 (W - m)~! for the fundamental TE mode. The nonlinear Kerr coefficient n, considered for
silicon nitride is 2.4x107!° m?*/W [38]. The GVD and the propagation loss of the fabricated
spiral waveguide were characterized using a novel OFDR technique where a swept wavelength
laser is calibrated against a self-referenced frequency comb [39]. The interference between the
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Fig. 1. Silicon nitride waveguide characteristics. (a) Microscopic image of an individual
spiral waveguide. (b) Simulated group velocity dispersion (GVD) of the waveguide with a
geometry of 2700 nm x 690 nm (Inset) Simulated TE mode profile. (c) Propagation loss
measured using an OFDR technique.

reference signal and the reflected signal from the facets is recorded and processed offline. The
measured f3; is equal to 44 ps?/km at the central wavelength, which is 30 ps2/km higher than the
obtained in the finite-element simulations. This discrepancy can be attributed to the variations in
the waveguide geometry and the material refractive index. The thickness of waveguide across the
wafer varies around 2% due to the silicon nitride deposition process. The width of the fabricated
waveguide also shows a deviation with respect to the geometry designed. Small variations in the
measurement of the refractive index of the materials can also cause an up/downshifting of the
waveguide dispersion [40]. The spatial reflectivity profile shown in Fig. 1(c) is obtained after
the post processing of the measurement. The two peaks represent the reflection of the input and
output facets and no sharp defects are found along the device. By estimating the gradient of the
distributed back-scattering the measured propagation loss is 2.09 dB/m.

3. Spectral broadening of high repetition pulses

In this section, the results obtained when pumping the ANDi waveguide using picosecond
pulses are discussed. Electro-optic (EO) frequency combs are of significant interest for its
use as seed pulses due to their robustness in terms of power stability and flexibility for tuning
the central wavelength [41,42]. We use an EO-comb in a cascade configuration of four phase
modulators (PM) and one intensity modulator in order to extend the bandwidth of the seed pulse.
All modulators are driven by a low phase noise RF oscillator with a frequency of 25.1 GHz
in a similar arrangement as in [43]. This configuration of the EO-comb yields a flat optical
spectrum, therefore a sinc-like pulse is obtained in the temporal domain after compensating
the inherent dispersion of the comb. Previous works [7,44] showed the generation of flat SC
spectrum using a directly synthesized Gaussian-shaped electro-optic combs in combination with
normal dispersion fibers. Here, to achieve Gaussian shaped pulses, an amplitude apodization
of the pulses is implemented [45]. The experimental setup of the nonlinear broadening of the
EO-comb pulses using the ANDi waveguide is depicted in the Fig. 2(a). The shaping of the
pulse is performed in a two-step process, first by correcting the linear dispersion and secondly by
apodizing the spectral envelope of the comb. The apodizing process allows to obtain a Gaussian
shape and correct spectral variations produced by nonlinearities along the optical path. The
first step is implemented after the initial EO-comb with a flat spectrum is pre-amplified using a
low noise erbium-doped fiber amplifier (EDFA). The autocorrelation trace is measured at the
output of the pre-amplifier and optimized in an iterative manner by applying phase filters using a
pulse shaper to correct the dispersion [46]. We calculate the transformed limited pulse of the
measured optical spectrum. Thereafter, the theoretical intensity autocorrelation of the bandwidth
limited pulse is calculated. This simulated auto-correlation trace is used as a reference for the
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dispersion correction. Although the dispersion of the comb is mainly quadratic, the correction
was performed up to the 6th order which allows a near bandwidth-limit compression [41].
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Fig. 2. Pulse compression and supercontinuum generation in an ANDi silicon nitride
waveguide. (a) Diagram of the experimental setup. CW: continuous wave, PM: phase
modulator, IM: intensity modulator, EDFA: Er-doped fiber amplifier, PC: polarization
controller, OSA: optical spectrum analyzer. (b) Optical spectrum of the Gaussian shaped
pump pulse. (c) Normalized intensity auto-correlation of the pump pulse, measured (solid
orange) and calculated from spectrum (green dashed). (Inset) Calculated intensity for the
transform-limited pulse.

The zero-dispersed pulses pass through a high-power EDFA, since the linear dispersion has
been compensated, the peak power of the pulse is high enough to produce non-linear broadening
in combination with the fibers of the system. This is corrected in the second step of the shaping,
where an iterative Gaussian apodization is implemented by applying amplitude filters in order
to obtain a smooth and symmetric spectrum [45]. The optical spectrum of the input pulse is
monitored after the high power EDFA with the aid of a 20 dB coupler. The attenuation filters are
calculated based on the difference between the target Gaussian shape and the monitored power in
an iterative loop. Figure 2(b) shows the spectrum of the final Gaussian shaped pulse after three
iterations, which exhibits approximately 90 lines centered at 1550 nm.

To verify the quality of the compression to its bandwidth limit after the shaping, the intensity
autocorrelation of the Gaussian shaped pulse was measured and simulated similarly to the first
step. The auto-correlation trace is measured prior to the coupling to the waveguide using a fiber
patchcord with the same length as the lensed fiber. The autocorrelation traces measured and
simulated are shown in Fig. 2(c). The good agreement between both traces indicates a high
quality of compression and high-degree of stability of the input pulse. This allows us to assume a
Gaussian profile for the pulse being coupled to the waveguide, with a full width at half maximum
of 0.5 ps, inferred from the transform-limited duration. This pulse is used for the numerical
simulations of the field propagation in the waveguide.

3.1. Spectral evolution of the picosecond pulse

The picosecond pulse is coupled to the Si3N4 waveguide by means of a lensed fiber, the measured
coupling losses are 3 dB per facet. The average power coupled at the input is 28.5 dBm. This
estimation is made after considering the coupling and the propagation losses. Since the pulse
is estimated to have a width of 0.5 ps, a peak power of 62 W at the start of the propagation is
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considered. The spectral output of the waveguide is recorded with the optical spectrum analyzer.
The broadened frequency comb extends from 1525 nm to 1575 nm within the 10 dB bandwidth,
this is 2.5 times the bandwidth of the initial Gaussian spectrum. We performed numerical
simulations to contrast the experimental results. The spectral evolution of the pulse propagating
in the ANDi waveguide was simulated with the generalized nonlinear Schrodinger equation
[47,48]. The simulation considers the measured GVD and the simulated nonlinear parameter (y)
at 1550 nm. The simulated output of the waveguide after a propagation of 20 cm (see Fig. 3(a))
is in excellent agreement with the experimental result shown in Fig. 3(b). In both cases, the
central region shows the more significant variations that are result of slight imperfections of the
shape of the input pulse. Figure 3(c) shows the spectral evolution of the pulse while it propagates,
the initial spectral variations are maintained along the waveguide. It is clear that the spectral
broadening achieved is dominated by SPM since the peak power is not sufficiently high to induce
OWB. As a consequence, the spectral envelope does not resemble a rectangular profile with
shoulders at the edges. Notwithstanding, the Gaussian shaping applied to the pump pulse helps
to minimize the sharp spectral interference. To get a better insight of the spectral evolution of the
pulse, a sweep of the input average power was performed. This step was done experimentally
and supported by simulations where the same pump pulse was considered at different power
levels in a range from 18 to 28.5 dBm. Figure 3(d) shows the simulated spectrum output of the
waveguide as a function of the input average power. The experimental results from sweeping
the in-coupled power (shown in Fig. 3(e)) closely resemble the numerical simulation. One can
conclude that similar to previous works [7,31,44] the pump pulse characteristics play a major
role in the flatness of the broadened spectrum when working in the normal dispersion. In order
to access the OWB regime, a longer propagation distance and a higher peak power is needed,
which would enhance the broadening.
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Fig. 3. Nonlinear broadening of EO-combs in an ANDi Si3N4 waveguide. (a) Simulated
output after 20 cm of propagation. (b) Experimental output of the 20 cm long waveguide (c)
Spectral evolution of the pump pulse along the propagation. (d) Simulated output spectra for
different average in-coupled power. (e) Measurement of the output spectrum sweeping the
in-coupled power.

3.2. Noise and stability of the spectrum

To assess the quality of the broadened spectrum, we characterized the phase noise of the repetition
rate and the optical linewidth of the individual lines. We analyzed the single side band (SSB)
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phase noise of the photo-detected repetition rate of the input Gaussian-shaped and the output
broadened spectrum. These measurements were performed using a high-bandwidth photodetector
and the phase-noise function of the electric signal analyzer (ESA). The phase noise of the 25.1
GHz RF clock was directly measured in the ESA for comparison. Figure 4(a) shows the results of
the three SSB phase noise measurements, all the traces are in excellent agreement along the offset
frequencies. The inset shows the direct photo-detected beat note of the repetition rate of the EO
Comb. Based on this radio-frequency analysis, we conclude that the nonlinear broadening does
not appreciably degrade the timing jitter of the comb, similar to results demonstrated in normal
dispersion fibers [22].
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Fig. 4. (a) Measurements of the repetition rate single side band (SSB) phase noise of
the RF oscillator (blue), input EO-comb (orange) and broadened spectrum (green), Inset:
Photo-detected beat note of the EO comb (b) Optical linewidth of the individual comb lines
of the SC generated.

In an optical frequency comb, the optical linewidth will increase as it moves away from the
carrier due to the timming jitter. In an electro-optic comb, the timing jitter is given by the
finite linewidth of the RF oscillator [49,50]. A quadratic behavior is then predicted in the phase
noise variance when the mode moves away from the center frequency. The phase-error variance
can be used to estimate the 3 dB optical linewidth when a Lorentzian line shape is assumed
[51]. The optical linewidth of individual lines filtered from the broadened spectrum was studied
using a self-heterodyne measurement technique in combination with a coherent receiver [51].
In Fig. 4(b) the measured fundamental linewidths for individual modes are displayed. These
values are obtained based on the average value at high offset frequencies within a few MHz span
[52,53]. The result follows the expected parabolic distribution where the lowest linewidth of the
SC is located at the pump. From these results, we can deduce a good stability of the SC spectrum
over its full bandwidth. The phase-noise characteristics do not show additional degradation due
to the chromatic dispersion or nonlinear broadening when photo-detecting the initial EO-comb
and the ANDi SC, respectively.

4. Octave spanning broadening using femtosecond pulses

Next, we study the case of SC generation when a femtosecond pulse with a lower repetition rate
is used as a pump. Figure 5(a) shows the experimental setup for the generation of the SC and its
coherence study. The seed source is a self-referenced fiber mode-locked frequency comb with a
center wavelength of 1560 nm and a repetition rate frequency of 250 MHz. The output pulse
has a duration of around 50 femtoseconds which is free space coupled to a waveguide with the
same characteristics previously described but without a tapered section. The beam is collimated
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and expanded before reaching the in-coupling lens to have a diffraction-limited spot size. The
coupling loss at the input facet is estimated to be 8 dB. The higher coupling losses could be
a consequence of a sub-optimized overlap of the waveguide mode and the beam profile. The
coupling losses are measured at the central wavelength and at low input power to prevent the
broadening. In this case, we are also interested in pumping the TE mode where the dispersion is
shown to be all-normal. We aligned the polarization state of input pulse while monitoring the
power using a half-lambda waveplate with the aid of a linear polarizer. The output is collected
using a short-lensed fiber using two different optical spectrum analyzers, one covering from
600 nm to 1700 nm and other that covers from 1.2 um to 2.4 um. Using a femtosecond pulse
with an estimated energy of 328 pJ on chip, the generated spectrum in the Si3N4 waveguide spans
from 1010 nm to 2020 nm with intensity variations within 20 dB. To the best of our knowledge,
this is the first time that an octave broadening is obtained in an ANDi Si3Ny4 integrated waveguide.

The SC generated was simulated considering the wavelength dependence of the effective area
and nonlinear Kerr parameter and the frequency dependent GVD of the TE mode [54]. The
pulse considered for the simulations corresponds to the Fourier-transform limit obtained from
the MLL spectrum and measured using an autocorrelator. Both, the experimental and estimated
pulse traces show a complex structure that can be attributed to non-linearities in the laser system
due the high peak power. To assess the coherence of the SC spectrum generated, we simulated
the first order spectral coherence function g12(w) for a set of 100 simulated spectra obtained in
the GNLSE simulations [55]. In the simulation, quantum noise is added in the initial conditions.
The quantum noise is added in the time domain as a Wigner distribution with zero mean value
and half a photon standard deviation. The result is shown in Fig. 5(b), the coherence degree is in
effect one over the complete span of frequencies.

Experimentally, we assessed the quality of the SC spectrum by measuring the beat notes
between different portions of the broadened comb with a set of continuous wave (CW) lasers. The
measurements are carried out by filtering portions of the octave spanning frequency comb. The
center region of the input and broadened spectrum was filtered at 1550 nm using a fiber-based
narrow filter. The spectrum was also filtered in free space at the 1pm and 2um regions using a
band-pass and edge filter, respectively. Afterwards, each portion of the spectrum was beaten
with three different narrow-linewidth lasers at the 1064 nm, 1542 nm and 2006 nm wavelengths.
The measurements were performed with two different detectors, an InGaAs photoreceiver with
transimpedance gain for the short wavelengths and an extended InGaAs photodetector for longer
wavelengths. The photo-detected beat notes were recorded using an electric spectrum analyzer
and are shown in Fig. 5(c). The traces shown in the lower row were measured over a span of
255 MHz with a resolution bandwidth (RBW) of 100 kHz. The strongest beat notes at 250 MHz
correspond to the repetition rate of the input pulse. The additional two peaks correspond to
the beating between the CW laser and the two closest comb lines generated upon broadening.
The fact that three clear peaks appear in the RF spectrum indicate that the comb structure is
preserved after nonlinear broadening [9,18]. The upper section of Fig. 5(c) shows a zoom of
these beat-notes at a RBW = 10 kHz, an important feature is that the signal to noise ratio is lower
at the 1 ym and 2um regions because of the responsivity of the photodectors. However, the radio
frequency beat notes at the different regions of the spectrum maintained a narrow-linewidth.

To understand the spectral evolution of the SC, we carried out a set of measurements where
the power of the input pulse is varied using a series of optical density filters. Based on the
coupling losses measured and the pulse characteristics, we estimated the energy of the in-coupled
pulses for each measurement. The measurements are presented in Fig. 5(e), these experimental
results are in good qualitative agreement with the simulations using similar energy levels (see
Fig. 5(d)). The broadening occurs at low power levels meaning that a short propagation distance
is just enough to perform the broadening when using higher energy pulses. The pulse enters
the optical wave breaking regime at around 24 pJ, where the shoulders at the edges of the
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Fig. 5. Supercontinuum generation in a SizN4 ANDi waveguide using femtosecond pump
pulses. (a) Experimental setup. MLL: mode-locked laser, HWP: half-wave plate, VOA:
variable optical attenuator, PD: photo-detector, ESA: electrical spectrum analyzer. (b)
Simulated first order degree of coherence. (c) Measured beat notes resulting of the beating
of the filtered SC generated and different CW lasers. (d) Simulated spectra as a function
of the injected power. (e) Measured output spectrum using different energies for the input
pulses.

spectrum akin to the OWB phenomena start to develop [7,31]. As the input power increases, new
frequency components are created as a consequence of the four-wave mixing process related to
the wave breaking. The spectral flattening is mostly due to the linearization of the chirp and as
a consequence it reshapes into a square spectrum upon propagation. The OWB has occurred
after approximately 250 pJ when no more frequency components are created. At the highest
input power, the spectrum shows a slight asymmetry due to the stronger dispersion at longer
wavelengths (see Fig. 1(b)) which in turn diminishes the broadening. The spectral output does
not show strong intensity variations across the octave bandwidth. However, it exhibits a complex
structure as a consequence of the complex shape of the initial pulse [56].
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5. Conclusion

In summary, we have designed a three-spiral silicon nitride waveguide that exhibits low and flat
dispersion in the all normal dispersion region. The achieved ultra-low losses and long length
enable coherent nonlinear broadening of ps pulses at high repetition rate. In this case, the
dominant broadening mechanism is self-phase modulation which allows to broad the spectrum
near to three times the input pulse bandwidth. These results can be improved by increasing the
propagation distance or reducing the dispersion of the waveguide. The phase noise characteristics
observed show that the nonlinear processes do not contribute significant additional noise. We
have also shown SC generation using pulses with higher energy and femtosecond duration, this
in turn allows to access the wave breaking regime to fully observe the SC formation with an
octave spanning for the first time in ANDi SisNy4 waveguides. The octave spanning spectrum
has been filtered and beaten with a set of narrow linewidth lasers. The linewidth of the beat
notes imply that the comb structure is maintained across the broadened output. In both cases, the
experimental results are in agreement with numerical simulations. These experiments highlight
the potential of using ANDi waveguides for stable broadening using picosecond pulses with
high repetition rate. The combination of spectral flatness and low noise spectrum enables the
on-chip implementation of a variety of applications that already exploit the benefits of nonlinear
broadening in the normal dispersion region using dispersion-engineered fibers.
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