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ABSTRACT

We investigate frequency comb generation in silicon nitride ring resonators by using a pump subject to
a weak amplitude modulation. We show that a partial locking is obtained when the external modulation
frequency differs from the resonator free-spectral-range by up to hundreds of MHz.
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1. INTRODUCTION

Optical frequency combs (OFCs) generated in micro resonators offer repetition rates spanning several
orders of magnitude (from few GHz to THz) [1] [2] [3] [4] [5] [6] [7]. While those micro-resonators
have been fabricated using a variety of materials and architectures, micro-ring resonators fabricated
using the mature complementary metal oxide semiconductor (CMOS) technology are very promising,
because of their potential for on-chip integration with other opto-electronic components. One CMOS
material having a large cubic nonlinearity is silicon nitride (SixNy) [8, 9], which has been largely
explored for broadband and coherent frequency comb generation. Even though remarkably progress
has been done over recent years, SixNy micro-resonators still face a number of issues that limit their
use outside of laboratory settings. Fully coherent combs are obtained by accessing a soliton state
through a complex pump wavelength tuning [10] [11] [12] [13]. In this standard procedure, a
continuous wave (CW) laser is used to pump a SixNy resonator and generate a frequency comb through
a cascade of four-wave mixing processes. However, this approach suffers from a very low use of the
pump power (less than 1% of the pump power is converted into comb lines when single solitons are
generated).

For this reason, the use of an amplitude-modulated pump has been recently theoretically [14] [15] [16]
[17] [18] [19] [20] [21] as well as experimentally [22] [23] [24] [25] [26] [27] [28] studied. The aim
here is to increase the conversion efficiency of comb generation, as well as to lock the frequency comb
to the external modulation in order to stabilize the OFC. The mismatch between the external
modulation frequency and the free spectral range (FSR) of the resonator has been investigated in order
to elucidate the attainable locking range. Experiments demonstrated a soliton locking range of ~60 kHz
when using a 1 ps pulse to pump a silica fiber Fabry-Perot resonator [25], for example. On the other
hand, in [29] a fraction of the soliton light generated in a first resonator was injected into a second
resonator, and a soliton with identical repetition rate than the one in the master resonator could still be
generated, even when their FSRs were dissimilar by up to ~8 MHz. In [30] a micro-resonator was
pumped with two pumps 220nm apart, to generate solitons that had their repetition rate synchronized
thanks to cross-phase modulation (XPM), even when pumping different mode families with dissimilar
dispersion values. It has also been reported that modulating a pump with a 20 MHz signal resulted in
the generation of soliton molecules with different constituent intensities, but with their repetition rates
locked via XPM [31].

In this contribution, we investigate the generation of frequency combs when using asynchronous pump
amplitude modulation in silicon nitride microring resonators. The modulation consist in weak
sidebands that are 10 dB less intense than the main pump laser. We experimentally show that frequency



comb states locked to both the external modulation and to the resonator FSR can be generated. This
occurs when there is a mismatch between the modulation frequency and the resonator free-spectral
range that is larger than the linewidth of the resonator resonance.

2. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup. A CW tunable-laser with a short-term linewidth of 100 kHz is
used as a pump. Its light is amplitude modulated by using a LiNbO3; modulator driven by a radio
frequency (RF) signal with a frequency nearly matching the FSR of our ring-resonator. With a bias
voltage, the pump temporal shape can be adjusted by enhancing the intensity of the generated spectral
sidebands. The inset of Figure 1 shows a typical modulated input spectrum where the first sidebands
have 10 dB lower power than the pump laser line. The modulated light is then injected into an Erbium
doped fiber amplifier (EDFA), where it can be amplified up to a nominal power of 4W. To filter out the
amplified spontaneous emission noise from the EDFA, we use a band-pass optical filter having 0.4nm
bandwidth. The polarization state of the pump is adjusted with a polarization controller, in order to
match the quasi-TE mode or the quasi-TM mode of the ring-resonator. The pump light is injected into
the chip by using an objective lens (having NA 0.85). The generated frequency comb light is out-
coupled from the chip using a lensed fiber. With a tunable Bragg optical filter, the pump is filtered out,
and the filtered OFC is subsequently amplified with a low-noise pre-amplifier. Another optical filter
having both tunable bandwidth and tunable center frequency is used to select a set of comb lines of the
generated OFC, their beat-note detected with a photodiode (50 GHz bandwidth), and it is visualized
with an electrical spectrum analyzer (ESA). This allows the measurement of the repetition rate
coherence of the OFC. A Rubidium clock is used to discipline both the ESA and the signal generator.
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Figurel. Experimental setup for frequency comb generation with amplitude modulated pump.

A grating-based optical spectrum analyzer (OSA) having 20 pm resolution was used to coarsely
measure the frequency comb spectra. The experiments reported in this paper were done in two nearly
identical ring resonators (A and B) having a measured Q-factor of ~2 x 106 (resonance linewidth of ~
90 MHz), a radius of 800 um, a core width = 1.7 um and a core height = 825 nm, but differing in their
gap values: gapa = 550 nm, and gaps= 600 nm. The measured FSR were: FSRa = 28.4925 and FSRs =
28.4945 GHz. The resonators were fabricated in order to optimize frequency comb generation along
the quasi-TE mode.



3. EXPERIMENTAL RESULTS

Frequency comb generation when the mismatch between the external modulation and the FSR is
smaller than 1.5 MHz is investigated in Figure 2. The resonator B is pumped at an average power of
~30 mW, and the modulation frequency is increased, gradually approaching the FSR. There is a strong
repetition rate peak at a frequency matching the modulation frequency, but sidebands are also present.
The intensity and the separation of the sidebands decrease as the modulation frequency approaches the
FSR of the resonator. When the mismatch between the external modulation frequency and the FSR is
smaller than ~200 kHz, sidebands collapse around the strong repetition rate peak and they are not
noticeable anymore — this region is supposed to host coherent states. When the modulation frequency is
larger than the FSR, a symmetrical behaviour occurs — the intensity and separation of the sidebands
increase, and eventually the sidebands disappear when the mismatch between the modulation
frequency and FSR exceeds ~1.5 MHz. We further noticed that the intensity and position of the
sidebands can be changed by varying the polarisation and the pump frequency detuning. These
sidebands were also observed in resonator A, and were also reported using MgF» resonators [26]. This
was attributed to a frequency pulling effect whereby all spectral components are pulled towards the
FSR frequency. In the case of MgF2 resonators, the appearance of those sidebands occurs when the
mismatch is in the kHz range (and the spacing between sidebands is of hundreds of Hz): for a
mismatch of hundreds of Hz, those sidebands disappear, which corresponds to the soliton locking
range.
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Figure 2. Frequency comb repetition rate for (a) 28.49309, (b) 28.49355, (c) 28.49385, (d) 28.49395, (e) 28.494
and (f) 28.49415 GHz. The FSR of the resonator is 28.4945 GHz.

We experimentally analyzed the repetition rate of the frequency comb for larger mismatches between
the external modulation frequency and the FSR of the resonator. This was done for both relatively
higher (~400mW) and lower (~50 mW) pump power values. Figure 3 shows the results of these
measurements. For the 400 mW case we generated mostly chaotic MI comb states, and the detected
repetition rate signal exhibits a narrow peak sitting on a noise bump. The repetition rate peak has a
frequency that is given by the external amplitude modulation. The narrow peak is still visible even for
modulation frequencies almost 1 GHz away from the FSR, indicating that a (small) fraction of the
frequency comb power is (partially) locked to the amplitude modulation. For the 50 mW case the range
of partial locking is smaller.

The large partial locking that is seen in the results of Figure 3 might be explained either by thermal or
nonlinear effects. The heating in the SixNy resonator produces a shift of the resonance frequency of
approximately 3-5 GHz, which corresponds to a change of the FSR of the resonator of ~ 8§ MHz [2]
(two orders of magnitude smaller than the partial locking range we measured in Figure 3). A different
source of resonance mode shift comes from the nonlinear refractive index dependence on intra-cavity
power (via Kerr nonlinearity).
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Figure 3. Repetition rate of the frequency comb as the modulation frequency is tuned (a) P ~ 400mW. Inset shows

the zoomed repetition rate obtained with a resolution bandwidth of 1 Hz (b) P ~ S0mW.

Figure 4 shows the calculation of the Kerr tilted resonance for a SixNy resonator having the same
parameters as in our experiment in Fig. 3(a) (P = 400mW in the bus waveguide, Q = 2 x 10°, etc). Note
that the resonance is pulled by almost 1 GHz, which matches the locking range that we have
experimentally observed.
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Figure 4. Calculated Kerr tilted resonance for the SixNy resonator with P =400mW and Q =2 x 10°.

The fact that the intensity of the repetition signal decreases when the mismatch between the modulation
frequency and the FSR increases can be attributed to a filtering effect. As the mismatch increases the
modulation component is mostly filtered out, and pumping is CW to a great extent. Furthermore, at
higher pump powers mode pulling due to the Kerr effect is also larger, resulting in an extended partial
locking range.

Some frequency comb spectra exhibit rather ordered/periodic shape, which might be associated to
partially coherent states. When measuring their repetition rate signal, a mix of peaks associated to the
FSR and the external modulation frequencies appears. The more ordered/periodic the comb spectrum
is, the narrower/sharper are the repetition rate peaks. Figure 5(a) shows the frequency comb spectrum
generated by pumping resonator A with 400mW power at a modulation frequency of 29.1 GHz, where
the combined effects of the FSR and the external modulation are likely to be present. For this
modulation, the mismatch with the FSR is of 606 MHz, which is much larger than the resonance
linewidth. Figure 5(b) shows the repetition rate spectrum, where a strong signal at 28.494 GHz can be
readily observed, together with a weaker peak at 29.1 GHz.
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Figure 5. (a) Frequency comb spectrum and corresponding (b) repetition rate signal showing locking to both the
FSR (peak at ~-200 MHz) and to the external modulation (peak at ~400 MHz).

Figure 6(a) shows a rather incoherent case, where the amplitude modulation was set to f'= 28.8 GHz.
We highlight with a black arrow the repetition rate corresponding to the external modulation frequency.
Whereas the red arrow highlights the repetition rate associated with the FSR of the ring resonator.
Additional, less intense spectral components are also generated. With dashed lines, we indicate spectral
components that are symmetrically generated around the main peak corresponding to the FSR of the
resonator. Figure 6(b) shows the corresponding frequency comb spectrum.
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Figure 6. (a) Repetition rate signal and corresponding (b) frequency comb spectrum.

A qualitative explanation of the observed dynamics is as follows. As the pump is tuned into a
resonance, the primary MI sidebands are generated several FSRs outside the pump frequency. There is
then a secondary sub-combing formation around the primary lines having the repetition rate of the
external amplitude modulation. This is finally followed by a merging and synchronization of the sub-
ridges. This is a Type 2 comb where the amplitude modulation is seeding the sub-comb formation
rather than the primary sidebands. The persistent observation in the repetition rate signal of a
component coming from the external modulation, even when the frequency of the modulation differs
from the FSR by hundreds of MHz, arises from the seeded sub-comb formation.

4. CONCLUSIONS

Frequency comb generation in silicon nitride ring-resonators was investigated when using
asynchronous pump amplitude modulation. We experimentally showed that frequency comb states
partially locked to the external modulation can be generated when there is a mismatch between the
modulation frequency and the resonator FSR larger than the linewidth of the resonator resonance. The
partial locking range for the generation of these states is shown to depend on the pump power, likely
due to a resonance tilt coming from Kerr nonlinearity.

For modulation frequencies very close to the FSR (with a mismatch smaller than 1.5 MHz), a



frequency comb regime is described showing the generation of multiple sidebands around the main
repetition rate, which collapse towards the main repetition rate peak as the modulation frequency
approaches the FSR. Finally, we described a regime of comb generation that exhibits two repetition
rates, one linked to the external modulation, and the other linked to the FSR of the resonator, the latter
one being very noisy.
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