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Abstract We present the generation of strong parametric fluorescence based on the spontaneous four-
wave mixing in a highly-nonlinear silicon nitride waveguide pumped by a simple C-band pulsed pump.
Parametric fluorescence spanning over 100 nm with a maximum power spectral density of -25 dBm/nm

is experimentally achieved. ©2022 The Author(s)

Introduction

Since it was observed in 1967 [1], optical
parametric fluorescence (PF) has been widely
employed in many areas including optical
coherence tomography [2]-[4], spectroscopy [5],
metrology [6], and quantum signal processing [7],
[8]. Generally, PF is generated by optically
pumping a ¥@ or ¥® nonlinear medium. ¥®
platforms, such as lithium niobate, are
advantageous due to their high nonlinearity
which facilitates the use of modest-pump powers
[8]. However, these y@-based PF generators rely
on cascaded second-order nonlinear optical
processes due to their complexity requiring
periodic poling to operate [9]. On the other hand,
four-wave mixing (FWM) in a x® nonlinear
medium can be directly applied to the generation
of PF, in which two pump photons are transferred
into a pair of signal and idler photons. For
instance, PF can be generated in a highly-
nonlinear fiber (HNLF) [10]. Nevertheless, due to
the small nonlinearity of HNLF which is also
limited by Brillouin scattering [11], hundreds-of
meters-long HNLFs were required. In recent
years, compact PF generators based on
integrated silicon nitride waveguides (x® platform)
are attracting intensive interest [5]. Compared
with HNLFs, silicon nitride waveguides exhibit
distinct advantages of small footprint, high
nonlinearity and excellent flexibility in dispersion

BPF

engineering. To generate sufficient PF, a
femtosecond laser with a peak power over 1400
W was utilized to pump a silicon nitride
waveguide as a result of the short waveguide
length, i.e., 7 mm [5]. The power spectral density
(PSD) was still limited to about -40 dBm/nm. To
reduce the requirement on the pump for PF
generation, long highly-nonlinear silicon nitride
waveguides with low propagation losses are
needed, which holds great prospects for optical
communication and signal processing [12], [13].

In this report, we experimentally demonstrate
PF with a PSD over -25 dBm/nm, using a 1.7-
meter-long low-loss highly-nonlinear silicon
nitride waveguide and a simple cost-effective
pulsed pump source. The pump source is based
on the transient response of Erbium-doped fiber
amplifiers (EDFAs), with a peak power of only 11
W and a repetition rate of 50 kHz. Moreover, the
effective PF bandwidth for SPD higher than -50
dBm/nm reaches more than 100 nm and can be
greatly increased in principle via fine engineering
of waveguide dispersion [14].

Experimental Setup

The experimental setup of the PF generation is
shown in Fig. 1. A continuous-wave (CW) 1545.5
nm pump laser was followed by an acoustic
optical modulator (AOM) which was controlled by
a 50 kHz periodic rectangular electrical signal
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Fig. 1. Diagram of experimental setup of generating PF in a long highly-nonlinear silicon nitride waveguide.
Green curve is for temporal waveform of the electrical signal to control an AOM.

Disclaimer: Preliminary paper, subject to publisher revision

European Conference on Optical Communication (ECOC) 2022 ©
Optica Publishing Group 2022


mailto:pingz@chalmers.se

Mo3G.3

-
N

-
o

=]

Power (W)
£ (=]

N

o 1 1 1
-1 0 1 2 3 4 5
Time (us)

Fig. 2. Temporal waveforms of the pump pulse under
various average powers (Po). The green, orange, blue
and red lines are for P, =0.4 W, 0.56 W, 0.70 W,
and 0.87 W, respectively.

with a duty cycle of 20%. The rectangular optical
pulses after the AOM were then fed to an EDFA
operated in constant-output-power mode. The
polarization controller (PC) was used to adjust
the polarization state of the pump into the SisN4
waveguide. Before entering the SisN4 waveguide
via a lensed fiber, the pulsed pump was
processed by a band-pass filter (BPF) with a
bandwidth of 1.6 nm to remove most of the
amplified  spontaneous  emission (ASE)
generated in the EDFA. In this case, the PF at the
output of the SisN4 waveguide can be ultimately
undisturbed by the ASE of the EDFA. Besides,
we recorded the PF spectrum using an optical
spectrum analyser (OSA). To prevent the OSA
from being burnt, a band notch filter (BNF) with a
bandwidth of 1.6 nm and a fiber Bragg grating
(FBG) were utilized to mitigate the residual pump
laser component in optical signals at SisN4 the
waveguide output. The polarization state of the
pump was optimized by maximizing the PSD of
the PF.

The highly-nonlinear SisN4 waveguide was
1.7 m long and fabricated following the method in
[12]. To generate strong PF, parametric
amplification based on FWM is needed. The
group velocity dispersion of the fundamental
transverse electric (TEoo) mode in the SisNa
waveguide was designed to be about -20 ps?/km
at 1550 nm and facilitated the parametric
amplification process. Spot-size converters were
utilized at both input and output of the waveguide
to maximize the coupling efficiency between TEqo
mode in the SisN4 waveguide and lensed fibers.
The coupling loss was about 2 dB/facet.
Additionally, the propagation loss of the SizN4
waveguide was about 2.8 dB/m in the C band.

Due to slow response time in the EDFA, an
overshoot can be expected, if the duration of an
optical pulse is on microsecond scale [15]. Here,
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Fig. 3. Measured Optical spectrum of generated PF based
on a 1.7-meter-long highly-nonlinear SisN4 waveguide.

this transient effect of EDFA paves the way to
increasing the peak power of optical pulses, that
is, we can obtain high peak power at the rising
edge of the pump pulse for increasing the power
of generated PF. In this experiment, each seed
pump pulse duration was 4 ps. Fig. 2 depicts the
temporal waveforms of the pump pulses with
different average power (Po) after the BPF. In the
case of 0.56 W average pump power, a peak
pump power of 5 W can be achieved according
to the green line plotted in Fig. 2. The pump
power decreases monotonically after reaching
the peak in the duration time. Additionally, the
orange, blue and red lines correspond to an
average power of 0.40 W, 0.56 W, 0.70 W, and
0.87 W, respectively. As can be seen, the peak
power can reach about 11 W when the average
pump power reaches to 0.87 W which is utilized
for PF generation. In this way, we obtain a simple
cost-effective pulsed pump source with sufficient
peak power. With the uncertainty of the coupling
loss, we estimate that the peak power in the SisN4
waveguide is 6.2 ~7.8 W.

Experimental Result and Analysis

Fig. 3 presents the measured spectrum of the
obtained PF. The resolution of the OSA is 0.1 nm.
As it is shown in Fig. 3, the highest PF SPD
reaches -23.5 dBm/nm at 1572 nm wavelength
which corresponds to one of the phase-matched
wavelengths with respect to the pump power. The
SPD of the obtained PF at the other phase-
matched wavelength of 1520 nm is -25 dBm/nm.
The power difference between the PF signals at
two phase-matched wavelengths is attributed to
the wavelength-dependent coupling loss which is
higher in the blue side of the pump wavelength
than that in the red side. Besides, there are two
small peaks beyond the phase-matched
wavelengths, which is due to the gain side lobes
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Fig. 4. Relative simulated PSD of PF generated in the SisN4
waveguide with various CW pumps. The purple, orange, red
and blue lines correspond to pump powers of 3.5 W,
45W, 5.6 Wand 7.1 W, respectively.

of FWM-based parametric amplification [12], [16].
The bandwidth of PF in a PSD higher than -50
dB/nm is 110 nm (1493 nm to 1603 nm). The
spectral dip at the 1545 nm wavelength is due to
the filters blocking the pump.

To get a better understanding to the PF
generation in the SisN4 waveguide, we performed
numerical simulations based on the nonlinear
Schrédinger equation [11]. Raman and Brillouin
scattering effects are neglected. We only
consider the second-order dispersion and set the
effective nonlinear coefficient (y) of TEoo mode to
be 1 (Wm)-t. The pump power at the waveguide
input is constant in the simulation, instead of
being pulsed. The noise source we consider here
is vacuum fluctuation with random phases as
initial condition [17]. Fig. 4 presents the simulated
PF spectra for different pump powers (Po). The
PF spectra are normalized by the minimum PSD.
We perform 100 individual simulations and
average the spectra to obtain the envelop of the
spectrum of simulated PF for a given pump
power. The purple, orange, red and blue lines
correspond to a pump power of 3.5 W, 4.5 W, 5.6
W and 7.1 W, respectively. The pump
components on the simulated spectra are
neglected. As can be seen in Fig. 4, the spectrum
of PF exhibits a typical feature of parametric
amplification for a pump power of 3.5 W. With the
increase in the pump power, the peak PSD rises,
and the wavelength difference (A1) in the spectral
peak of the PF and the pump wave is enlarged
according to phase-matching condition, Al yPo.
For a pump power of 5.6 W, the simulated
spectrum agrees with the experimental spectrum.
Slight discrepancies in the spectral shape
between the simulation and experiment are
attributed to the actual dispersion and loss
variations along the meter-scale waveguide due

to fabrication tolerances and weak multimode
interference [12]. Moreover, there is a spectral
peak near the pump wavelength. Further
increasing the pump power leads to more
enhancement of the PSD near the pump
wavelength than at the phase-matching
wavelength. This indicates that high pump power
can help to reduce the spectrum fluctuation of the
PF generated in nonlinear SisN4 waveguides.

Conclusions

Strong PF was experimentally realized by
pumping a 1.7-meter-long dispersion-engineered
highly-nonlinear SisN4 waveguide using a simple
cost-efficient pulsed optical source. We obtained
a maximum SPD of -23.5 dBm/nm and an
effective bandwidth of 110 nm. The experimental
result is in accordance with the theoretical
expectation. Improved dispersion engineering
can in principle further expand the bandwidth of
the SisNs-waveguide-based PF generation which
can find applications in various areas such as
optical tomography, metrology and quantum
optics.
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