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Abstract—Optical frequency comb sources based on quadratic
nonlinearities provide an interesting alternative to Kerr combs
in terms of reduced pump power requirements and extended
spectral coverage. We review theory and recent experiments of
quadratic optical frequency combs based on second-harmonic
generation and optical parametric oscillation.

Index Terms—Optical frequency combs, second-harmonic gen-
eration, optical parametric oscillation, optical solitons

I. INTRODUCTION

High-precision optical frequency combs (OFCs), often re-
ferred to as optical rulers, had a strong impact on metrology
and spectroscopy in the last decade. Recent advances in the
technology of optical micro-cavities contribute to the develop-
ment of chip-scale OFC sources [1]. The mechanism for comb
formation in microcombs is the cubic or Kerr nonlinearity of
the waveguide material, which leads to dissipative modula-
tion instability [2], followed by cascaded four-wave mixing
(FWM). In spite of the many exciting achievements in the
field of micro-combs, namely optical frequency combs based
on high-Q micro-resonators, several open questions and chal-
lenges remain. For example, the relatively high continuous-
wave (CW) pump power, the poor conversion efficiency from
the CW pump to the comb, the complex stabilization required
for coherent soliton combs, and the scarcity of available pumps
in some spectral regions such as the visible and the mid-
infrared. Some of these issues can be solved by exploiting
OFC generation mechanisms based on quadratic, as opposed to
cubic, nonlinear resonators. We overview here recent progress
in the research of quadratic OFCs.

II. SHG COMBS

Quadratic nonlinear processes can be exploited for the
frequency conversion of near-infrared OFCs into the visible
or mid-infrared.

A. Singly-resonant case

In 2015, Ricciardi et al. experimentally demonstrated the
direct generation of OFCs in a cavity-enhanced second-

harmonic-generation (SHG) system [3]. Two OFCs were si-
multaneously generated around the fundamental (FF) pump
frequency at 1064 nm, with a spectral bandwidth up to about
10 nm, and its second harmonic (SH). Different regimes
of generation were observed, depending on the SHG phase-
matching condition. A simple coupled three-wave model was
developed to describe the observations, revealing the analogy
with FWM-based OFC generation in cubic resonators. This
model was later generalized to describe a many-mode comb,
and a stability analysis of the different cavity field regimes
was presented [4].

In 2016, Leo et al. derived a single time-domain, mean-field
equation that fully models the temporal and spectral dynamics
of OFC generation in singly resonant, cavity-enhanced SHG
systems [5]. This study permitted to show that the temporal
walk-off between the FF and the SH plays a decisive role
in activating the comb. A linear stability analysis coupled
with numerical simulations revealed a new type of modulation
instability (MI), leading to OFCs and their associated time-
domain dissipative structures, in excellent agreement with the
experiments [3].

By using the temporal mean-field equation for the FF with
a noninstantaneous nonlinear response function, Hansson et
al. could explore the rich temporal and spectral dynamics of
quadratic comb generation, continuous wave bistability, and
modulational instabilities [6]. Temporal walk-off between the
FF and the SH leads to MI even in the absence of group-
velocity dispersion. The time-domain model was compared
with the modal expansion approach [4], showing that the
two models provide very similar predictions and become
exactly equivalent in the limit that absorption losses and group-
velocity dispersion at the FF are neglected.

B. Doubly-resonant case

OFC generation in doubly-resonant intracavity SHG was
also theoretically analyzed by Leo et al. [7]. Despite the large
temporal walk-off characterizing realistic cavity systems, the
comb generation dynamics can be accurately modeled by using
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a pair of coupled mean-field equations. A stability analysis of
steady-state cavity CW solutions revealed that walk-off may
enable to onset of a new type of MIs. Numerical simulations
predict emergence of temporal patterns corresponding to co-
herent optical frequency combs. Under typical conditions, the
two coupled equations may be reduced to a single mean-field
equation, similar to that describing the dynamics of the singly-
resonant-cavity SHG, so that a simple analytical expression for
the MI gain can be obtained [5].

A subsequent theoretical study by Hansson et al. permitted
to identify different dynamical regimes, and predicted that, in
the absence of temporal walk-off between the FF and the SH,
doubly-resonant intracavity SHG supports the propagation of
both bright and dark time-localized cavity solitons [8]. These
soliton solutions are found to have analogous properties to
Kerr cavity solitons, in particular they correspond to stable co-
herent OFCs, which suggests that quadratic frequency combs
may be a viable alternative to Kerr combs.

III. OPO COMBS

In 2018, Mosca et al. reported on the formation of quadratic
combs inside an optical parametric oscillator (OPO) [9].
Namely it was shown that OFCs were generated around half
of the pump frequency in a singly-resonant, CW-driven OPO.
The OPO dynamics could also be modeled by means of a sin-
gle time-domain mean-field equation, identifying previously
unknown dynamical regimes, induced by MIs, which lead to
OFC formation. The analysis of the coherence properties of
the simulated spectra showed the existence of correlated and
phase-locked combs.

Parra-Rivas et al. have recently theoretically investigated
the formation of localized temporal dissipative structures, and
their corresponding OFCs, in doubly-resonant dispersive OPOs
[10]. A nonlocal mean field model was derived, predicting
domain-wall locking as a mechanism for the formation of
stable coherent OFCs.

IV. MULTI-OCTAVE COMBS

In situations where multiple quadratic processes occur, it
may be necessary to numerically study OFC generation by
means of a single envelope equation. Hansson et al. inves-
tigated the generation of OFCs ranging from the visible to
the mid-infrared spectral regions in a radially poled lithium
niobate whispering gallery resonator with both quadratic and
cubic nonlinearities [11]. It was found that MIs may lead to
the formation of coupled comb arrays extending over multiple
octaves.

V. ALGAAS COMBS

OFC generation in cavity-enhanced SHG can be achieved
by directional quasi-phase-matching in AlGaAs waveguide
resonators. Parisi et al. have shown that internally pumped
OPO may trigger comb formation [12]. The study showed
that efficient generation of coherent OFCs is possible with
threshold powers in the microwatt range, and path lengths up
to several millimeters, thus enabling the practical realization

of new on-chip frequency comb synthesizers, fully integrable
in complex photonic circuits.
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