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Abstract We report the demonstration of an integrated silicon-rich silicon nitride wavelength converter
based on Bragg scattering intermodal four-wave mixing process. The system integrates mode conver-
sion, multiplexing and de-multiplexing functionalities on chip. Broadband signal conversion with a 3dB

bandwidth exceeding 70 nm is demonstrated. ©2023 The Author(s)

Introduction

Modern optical transmission systems need to re-
spond to an insatiable demand for ever-more
bandwidth to transmit the continuously increasing
amount of data across the world. One possible
approach to tackle this challenge is based on the
use of new frequency windows of the electromag-
netic spectrum that have not been heavily used
up to now. One option might be the utilization of
the L and U bands (1565 - 1675 nm). In these
new systems, the ability to generate and manip-
ulate wavelengths is an enabling feature. Third-
order nonlinearity-based devices offer the possi-
bility to generate new wavelengths through para-
metric processes such as those based on four-
wave mixing (FWM)U). Recently, integrated de-
vices based on intermodal FWM (IM-FWM) pro-
cesses, where nonlinear effects take place be-
tween different spatial modes, have been inves-
tigated, and have shown a considerable potential
to respond to the needs of novel transmission sys-
temsiPl.  Indeed, dispersion-engineered mul-
timode nonlinear waveguides offer an extra de-
gree of freedom in the design by using multiple
spatial modes to fulfill the required phase match-
ing. This allows for broadband operation in multi-
ple discrete spectral bands, even at locations far
away from the pump wavelength(s). IM-FWM pro-

cesses in integrated silicon or silicon-rich (Si-rich)
silicon nitride waveguides have been reported in
the past years, employing either continuous wave
(CW)EHE or pulsed optical pump sourcesi®h7.
Among these demonstrations, some of them used
Bragg scattering (BS) IM-FWM to generate clean
idler signals (free from the pump noise) in the C
or L bandslhel. These first attempts showed the
potential of these schemes, however, their experi-
mental configurations were complex and suffered
from the lack of integrated components aimed at
processing and controlling the spatial shapes of
the involved waves, eventually introducing extra
losses in the whole system. This, in turn, lim-
ited the efficiency of the IM-FWM, even when rel-
atively high pump power levels were used.

In this paper, we discuss the experimental char-
acterization of a fully integrated wavelength con-
verter based on a Si-rich silicon nitride platform.
The device integrates the whole set of func-
tionalities needed to perform wavelength conver-
sion in the intermodal regime, starting from three
(two pumps and one signal) seeding waves cou-
pled from single-mode optical fibres (SMF-28).
This eliminates the need for external and bulky
mode conversion components, strongly reduces
the overall loss of the full device, and eliminates
the need to filter the pumps out at the output of
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Fig. 1: Schematic layout of the fully integrated wavelength converter and BS-IM-FWM working principle. ECs: edge couplers;
MMI: multimode interference coupler; PS: phase shifter; wg: waveguide; P;: Pump 1, P>: Pump 2; S: Signal.

the device. The integrated system is capable of
generating idler components covering the whole
U-band starting from an L-band signal, with a 3dB
bandwidth (BW) exceeding 70 nm by using optical
pumps placed in the C- and L-band.

Operation principle and device configuration

The device was designed to perform wavelength
conversion using the BS-IM-FWM process in
a multimode waveguide. An efficient (phase-
matched) BS-IM-FWM process is achieved when
the propagation constants of the interacting
waves satisfy the momentum conservation (as
well as the energy conservation). For small
pump-to-pump wavelength detunings, this occurs
when the derivative of the propagation constant,
i.e. the inverse group velocity (IGV), in one mode
is the same as that in another mode. If the
IGV curves of the two modes under considera-
tion are parallel across a large frequency range,
the phase matching condition can be maintained
even when the two pumps are largely detuned
from one anotherl®. In our configuration, two
pumps were placed in the waveguide fundamen-
tal TE (T'Epp) mode while a seeding noise-free
signal was placed in the first-order TE (T'E1o)
mode, allowing the generation of a noise-free idler
in the T Ey1p mode. The device was designed and
fabricated using our in-house Si-rich silicon nitride
platform. Details regarding the fabrication pro-
cess can be found in®®l, The platform is com-
posed of a 300 nm thick layer of Si-rich silicon ni-
tride (refractive index n = 2.41 measured at 1550
nm) grown on a 3 um thick layer of thermal sili-
con dioxide. Our numerical results showed that
BS-IM-FWM can be achieved with no efficiency
decrease from the C to the U band, using the
first two TE modes of a multimode waveguide
with 6.10 pum width and 300 nm thickness. A
schematic layout of the device is shown in Fig.
Inverted taper-based edge couplers (ECs)
were designed to couple signals incoming from

SMF-28 fibres. Two pump waves were coupled
at port 1, while the seed signal was coupled at
port 2. The combination of a multimode inter-
ference (MMI) coupler, followed by a 90-degree
phase shifter (PS) placed in one of the two MMI
output arms and a sinusoidal-profile Y-branch was
used as a mode converter and multiplexer (MUX)
(overall footprint of 4 um x 121 um), so that the
signal was converted in the T'F;y mode, while
the pumps remained in the T'Eyg mode (more de-
tails on the working principle can be found inl'%).
The three waves were then coupled into the multi-
mode waveguide section (length L = 1.07 cm). A
specular section was realized at the output, allow-
ing to convert all the T E;9 modes to T Eyy modes
and de-multiplex them. Finally, two inverted taper-
based ECs were used to couple the waves to the
required output SMF-28 fibres. It is worth noting
that the idler and seeding signal can be both ex-
tracted from port 4, while the residual pumps are
sent to port 3, thus automatically eliminating the
need to filter the pumps out from the signals.

Experimental setup and results
The experimental setup is shown in Fig.
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Fig. 2: Simplified sketch of the experimental setup used in
the nonlinear experiments. EDFA: Erbium doped fibre
amplifier; FA: fibre array; OSA: optical spectrum analyzer.

The optical pumps (P, P,) were generated
using two polarization-maintaining (PM) tunable
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Fig. 3: (a) Normalized CE for BS}, (blue triangles) and BS,- (red squares) idlers as a function of AXpp with Ap; = 1540 nm and
As = 1600 nm; the inset shows the pumps-signal configuration used in this experiment, with a fixed Ap; and Ag and a varying
Ap2; (b) Normalized CE for BS, idler as a function of Ag for AApp =2 nm (red squares) and AXpp = 30 nm (green triangles),
with Ap1 = 1540 nm; (c) example of a spectrum acquired from port 4 for A\p; = 1540 nm, Aps = 1566 nm and Ag = 1600 nm.

lasers followed by two PM Erbium-doped fibre
amplifiers (EDFAs). The pumps were coupled to-
gether with a 50:50 PM coupler and sent to port
1 of the device. Similarly, the seeding signal (.5)
was generated using a third PM source and sent
to port 2 of the device. At the output, the sig-
nal and idler on port 4 and the residual pumps
on port 3 were collected and sent via an opti-
cal switch to an optical spectrum analyzer (OSA).
One input and one output fibre array (FA) with
two lensed PM fibres each were used to couple
light in and out of the chip. The linear behavior
of the device was initially characterized. A total
fibre-to-fibre loss of around 5 dB was measured
between ports 1 to 3 and ports 2 to 4, while a
loss of around 20 dB was estimated when cross-
ing input-output ports were considered (ports 1 to
4 and ports 2 to 3). Two different sets of nonlinear
measurements were then carried out using a to-
tal launched power in the waveguide equal to 27.6
dBm. In the first measurement campaign, the first
pump (P;) was placed at 1540 nm, while the sec-
ond one (P) was varied from 1542 to 1616 nm
aiming at characterizing the pump-to-pump de-
tuning BW (AA\pp = P5 - Py) of the BS-IM-FWM
process. According to the design simulation, the
signal wavelength \g was set to 1600 nm to en-
sure phase matching with P; (see the inset of Fig.
[B|(a)). Fig. [3](a) shows the normalized conversion
efficiency (CE) measured for the blue- and red-
shifted idlers (BS, and BS,., respectively). Re-
sults show a small decrease in CE for the BS,
idler, while a much narrower BW, as expected
from the theory®, is observed for the BS, idler. A
3dB AXpp BW of 72 nm was measured for BS,.,
corresponding to an idler generated from 1602
to 1678 nm, as expected from the energy con-
servation. In the second set of measurements,
the signal-detuning BW was evaluated: the two

pumps were placed at A\p; = 1540 nm and Aps
= 1542 nm, while the position of A\g was varied
between 1550 and 1650 nm. Using this wave-
length configuration, the BS-IM-FWM CE values
were recorded for the BS, r idler. The results are
reported in Fig. [3| (b) and show no CE reduction,
even for signal detuning values of +50 nm (rela-
tive to Ag = 1600 nm). The measurements were
then repeated with AApp = 30 nm (Ap; = 1540
nm, Aps = 1570 nm). The normalized CE is re-
ported in Fig. [3|(b). In this case, the phase match-
ing condition for B.S, r was not retained across the
full range of scanned wavelengths, and a 3dB BW
of 25 nm was observed, centered at around \s =
1600 nm. An example of a recorded spectrum
measured at port 4 for AApp = 26 nm is reported
in Fig. [3] (c). The maximum CE was measured
to be equal to -41 dB, mainly limited by the short
length of the nonlinear waveguide in our particular
implementation and the material losses.

Conclusions

In this paper, we presented the realization of an
integrated, BS-IM-FWM-based wavelength con-
verter realized on a Si-rich silicon nitride platform.
Mode conversion, multiplexing and demultiplex-
ing were performed on-chip by using a broad-
band MMI and PS in cascade. Our device showed
wavelength conversion with a 3dB BW exceeding
70 nm, which represents, to the best of our knowl-
edge, the widest BW ever reported for a multi-
mode FWM-based system. We believe that the
proposed device represents a significant step to-
wards the realization of a fully-integrated, highly-
tunable frequency synthesizer able to operate in
optical bands hundreds of nanometers apart.
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