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Optical frequency combs are revolutionizing modern time and frequency metrology. In the past years,
their range of applications has increased substantially, driven by their miniaturization through micro-
resonator-based solutions. The combs in such devices are typically generated using the third-order χð3Þ

nonlinearity of the resonator material. An alternative approach is making use of second-order χð2Þ

nonlinearities. While the idea of generating combs this way has been around for almost two decades, so far
only few demonstrations are known, based either on bulky bow-tie cavities or on relatively low-Q
waveguide resonators. Here, we present the first such comb that is based on a millimeter-sized
microresonator made of lithium niobate, that allows for cascaded second-order nonlinearities. This
proof-of-concept device comes already with pump powers as low as 2 mW, generating repetition-rate-
locked combs around 1064 and 532 nm. From the nonlinear dynamics point of view, the observed combs
correspond to Turing roll patterns.
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Optical frequency combs are useful for applications such
as precision spectroscopy in fundamental science [1,2],
dual-comb spectroscopy [3], ultrafast distance measure-
ments [4], Tbit/s telecommunications [4], and quantum
information processing [5]. The range of applications has
increased especially since stable solitonic combs were first
demonstrated in microresonators in 2014 [6] and sub-
sequently realized on a batch-compatible chip-integrated
platform [7]. In total, however, it took almost a decade to
get from first microresonator-based combs [8] to chip-
integrated soliton combs. All these combs rely on third-
order χð3Þ (Kerr) optical nonlinearities, which have thus
been in the center of interest in recent years [4,9–12].
Solitonic Kerr combs are typically centered in the near
infrared as they require anomalous dispersion at the pump
frequency that is not readily available across the practically
valuable visible part of the spectrum. An obvious solution
to this is using a separate cavity with intrinsic χð2Þ non-
linearity to convert the initial comb via second-harmonic
and sum-frequency generation [13]. One approach to
simplify this is to use materials for Kerr-comb generation
with intrinsic χð2Þ nonlinearity or to induce χð2Þ nonlinearity
by, e.g., material-growth-induced stress [14], ion migration
[15], or electric fields [16]. This way, one can generate a
Kerr comb and convert it in a single cavity as demonstrated

in the χð2Þ materials aluminum nitride [17], gallium
phosphide [18], and lithium niobate [19]. There is, how-
ever, another way to generate combs at the pump and
second harmonic simultaneously based on χð2Þ nonlinear-
ities only. This approach relies on cascaded χð2Þ-nonlinear-
optical processes, i.e., frequency doubling followed by
optical parametric generation, again leading to frequency
doubling and so on [20]. This process is intrinsically linked
to comb generation around both the pump and second-
harmonic frequencies (e.g., [21]). Furthermore, it promises
to provide lower pump thresholds since for continuous-
wave light the χð2Þ nonlinearity is generally much stronger
than the third-order one. Although the idea has been around
for almost two decades, so far only few experimental
realizations are known, based either on bulky bow-tie
cavities [22–26] or on relatively low-Q waveguide reso-
nators [27], but none in high-Q microresonators.
Below we present the first frequency comb generated

using cascaded second-order nonlinearities in a millimeter-
sized ultrahigh-Qmicroresonator made of 5%MgO-doped z
cut congruent lithium niobate and pumped with continuous-
wave near-infrared laser light. If the pump light is ordinarily
(o) polarized and the birefringence-phase-matching condi-
tion for second-harmonic generation is fulfilled, extraordi-
narily (e) polarized second-harmonic light is generated [28].
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For pump powers exceeding a threshold primary sidebands
are generated around the pump and second-harmonic wave-
lengths. Subsequently, the sideband generation process
develops in a cascaded fashion, building up combs around
both the pump and second-harmonic frequencies [Fig. 1(a)].
Some prior modeling of these processes in second-harmonic
and down-conversion arrangements can be found in [21,29–
31]. For the microresonator used, the free spectral ranges
(FSRs) at the pump and second-harmonic frequencies are
FSRp ¼ 20.8 GHz and FSRsh ¼ 19.5 GHz for the funda-
mental modes [Fig. 1(b)]. The values are very similar for
higher-order modes, which are thus not considered [32].
When generating comb structures, however, the FSRs of
the combs around the pump and second-harmonic lock to
the same nonlinear FSR, FSRnl, corresponding to a shared
repetition rate (group velocity) at both frequencies
[Fig. 1(a)] as demonstrated numerically and experimentally
[Fig. 1(c)] below. The quality factor at the pump frequency is
determined to beQ ¼ 2.8 × 108 in the coupling regime used
[36], while Q is an order of magnitude lower at the second-
harmonic frequency [37]. Themaximum coupling efficiency
[36] is Kmax ¼ 0.18, limited by imperfect spatial mode
overlap. Thus, with the laser pump power at 10.3 mW,
the maximum incoupled pump power is Kmax×10.3mW≈
1.9mW. When the laser frequency is reduced, the pump
resonance shifts through the interplay of thermal and non-
linear effects [Fig. 2(a)] [38], effectively stretching the
frequency detunings relative to the cold-cavity reference.
We observemultiple comb states, marked (a1), (a2), and (a3)
in Fig. 2 while performing a scan. At (a1), only four spectral
sidebands can be observed at the pump and second-harmonic
wavelengths. The spacing of these sidebands at both the
pump and second-harmonic is approximately 416 GHz,
corresponding to 20 FSRs of the resonator at the pump
wavelength, FSRp. Thus, theFSRof the comb spectrumeven

at the second-harmonic locks to a value close to the pump
FSR, i.e., FSRnl ≃ FSRp. This is striking, considering the
large FSR offset of 1.3 GHz [Fig. 1(b)] that would accu-
mulate to a noticeable ≃26 GHz across 20 modes of the
resonator [Figs. 2(b) and 2(c)]. While FSR locking was
observed in a bow-tie cavity earlier [26], there, it was not
possible to determinewhether thewaves lock to the pump or
second-harmonic FSR due to the very small offset. Thus, this
is, we believe, the first time this is determined and further-
more the first observation of an FSR-locked fundamental-
to-second-harmonic microresonator-based frequency comb
generated solely due to χð2Þ nonlinearities. The next fre-
quency range (a2), around the smaller laser frequency
Ω ¼ 2πν0, corresponds to much broader, 2-THz-wide,
near-infrared, and green spectra [Fig. 2(a2)]. Similar spectra
are also observed in the (a3) range. A close-up of Fig. 2(a3)
(top) reveals the individual peaks being separated by
≃20.8 GHz, which is very close to the linear FSRp at the
pumpwavelength. Thus, the obtained comb consists of about
100 individual comb lines.We also observe a broad spectrum
around the second-harmonic frequency [Fig. 2(a3) (bottom)].
However, in this case, due to the limited resolution of the
OSA employed, the individual comb lines cannot be resolved
and the FSR locking is confirmed only in numerical simu-
lations [Figs. 4(c) and 4(f)].
We proceed with introducing a more theoretical insight

into the mechanisms leading to comb generation in our
system. Spectral data in Fig. 2(a1) suggest that we are
dealing with modulation-instability (MI) induced spectral
broadening. This is confirmed by the observation of low-
frequency rf noise [32] similar to MI in Kerr-combs [39].
The MI in our context is interpreted as the generation of
selected resonator modes detuned away from the pump.
In particular, through the MI analysis we estimate the
sideband mode numbers M ¼ mp;s � μ that acquire

(c)(b)

FIG. 1. (a) Continuous-wave near-infrared laser light with frequency ν0 is prism coupled into a microresonator (radius R). When the
phase-matching-criterion for second-harmonic-generation is fulfilled, second-harmonic light at 2ν0 is generated. A sequence of
cascaded χð2Þ processes then leads to the buildup of interlocked near-infrared (red spectrum) and visible (green spectrum) combs. In the
comb generation regime, the ordinarily (o) polarized pump and extraordinarily (e) polarized second-harmonic waves travel with the
same group velocity vgr, associated with the repetition rate equaling the free spectral range FSRnl. (b) FSRs of the microresonator vs
wavelength: FSRp ¼ 20.8 GHz and FSRsh ¼ 19.5 GHz are the FSRs of the fundamental modes for the pump and second harmonic.
(c) Sketch of the experimental setup. OSAs: Optical spectrum analyzers. A detailed description of the experimental procedures is found
in [32].
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maximal growth rates [32]. Here mp is a mode number
corresponding to the cold resonator frequency ωp that is
nearest the laser frequency Ω, ms ¼ 2mp and μ is the mode
number offset. When sidebands grow appreciably, they
start serving as effective pumps themselves triggering a
cascade of up- and down-conversion events between the
near-infrared and green spectra. This is the mechanism
leading to comb generation. Figure 3 shows the calculated
MI-growth rate as a function of the cold resonator detuning
δ ¼ ωp −Ω with the maximally unstable μ being
�20;�21;�22. In particular, μ ¼ 20 corresponds to the
first spectra measured during the experimental scan. This
state is characterized by line separation of ≃20 × FSRnl
[Fig. 2(a1)]. For larger δ the MI gain disappears and then
reappears with μ ¼ 21 becoming most unstable; modal
indices continue to alternate with increasing δ until the
resonance is lost (Fig. 3). While MI-analysis explains how
combs are triggered, dynamical modeling of the full non-
linear system is required to check the generated spectral
shapes after many resonator round-trips. Within the MI

intervals of δ we numerically generate spectra qualitatively
and quantitatively similar to the experimental ones and in
the same sequential order (Fig. 4). In the μ ¼ 20 interval
centered at δ ≈ 0, the near-infrared and green comb spectra
have four sparse sidebands separated by ≃20 × FSRnl. In
the μ ¼ 21 and μ ¼ 22 intervals, the comb spectra become
quasicontinuous and extend over ≃2-THz bandwidth. For
δ≳ 3 MHz no comb spectra are observed. Alternating
stable and unstable detuning intervals [cf. experimental
Fig. 2(a) and numerical Fig. 4(a)] with discretely varying μs
unambiguously indicate the field dynamics in a micro-
resonator being strongly influenced by the relative sparsity
of its spectrum that has finesse order of 104. Previous
studies of MI inside hundred times denser spectra in χð2Þ

cavities with finesse ∼102 [26,40] did not exhibit stability
intervals betweenMI bands corresponding to successive μs.
The sparse spectra [Figs. 2(a1), 4(b), and 4(c)] corre-

spond to weakly modulated nonlinear periodic wave trains
in real space associated with so-called Turing roll patterns
(Supplemental Material [32], Figs. 1–3). These types of

(d)

(c)

(a1)

(a2)

(a3)

(a1) (a2) (a3)

(a) (b)

(b)

(c)

FIG. 2. (a) Slow scan of the pump laser frequency Ω across the pump mode used for comb generation. Reducing Ω ¼ 2πν0 reveals
comb generation areas marked (a1), (a2), and (a3). At (a1), we observe four sidebands separated by ≃20 × FSRp around the pump
(displayed in red) and second-harmonic (displayed in green) frequencies. Bringing Ω into the (a2) range reveals dense quasicontinua of
modes simultaneously generated around the pump and second-harmonic frequencies. With further reduction of the frequency the system
enters a quasistationary state, which is replaced again by the dense quasicontinua in the (a3) range. Subsequently the resonance is lost.
(b),(c),(d) A close-up revealing the individual peaks of the sparse spectra being separated by ≃20 × FSRp at both the pump (b) and the
second harmonic (c). Quasicontinuous spectra at the pump frequency reveal the separation of neighboring lines by ≃FSRp (d), while at
the second harmonic the OSA does not allow to resolve features on the FSR scale.
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patterns were extensively studied recently in Kerr micro-
resonators [41–43]. An important and distinct feature of the
χð2Þ Turing patterns reported by us is that they correspond
to a two-color signal with components that are inherently
connected nonlinearly and at the same time spectrally
separated by an octave. The linear cavity repetition rate
varies substantially from one spectral end to another.

However, nonlinear effects can compensate for this differ-
ence. Indeed, we can numerically resolve both sparse
and quasicontinuous spectra and find the same FSRnl
for the near-infrared and green spectra, such that
FSRp − FSRnl ≃ 1 MHz. This means that the FSR is
locked to a value shifted slightly from FSRp and very
significantly, by ≃1.3 GHz, from FSRsh. This asymmetry is
largely due to the pump power being much higher than the
second-harmonic power. The real-space wave trains asso-
ciated with the quasicontinua in the μ ¼ 21, 22 intervals
emerge through the destabilization of Turing patterns and
have much deeper modulations of the field intensity
(Supplemental Material [32], Fig. 2). Despite this, the
locking of FSRs to FSRnl also appears to persist for the
quasicontinuous spectra. If δ values are outside the bist-
ability of the homogeneous intracavity state, δ=2π ≲
3 MHz (Fig. 3), the continua persist indefinitely since
they have no alternative state to transform into. As soon as
the system becomes bistable, however, a stable low-
amplitude state serves as a strong attractor that quickly
drags the system outside the continuum and into a low- and
constant-intensity stable operation regime. The latter cor-
responds to the abrupt loss of the resonance in the
experimental measurements and modeling.
FSR locking across the octave may appear counterin-

tuitive at first glance. However, it is expected for weakly
modulated Turing patterns. Indeed, for a constant-
amplitude solution the repetition rates (FSRs) lose their
relevance. Hence, for weakly modulated wave trains, the
nonlinearity and dissipation-induced locking effects should
allow to shift FSRsh to the pump value. While FSR-locking
mechanisms for Turing patterns require further detailed
studies, this effect was studied for short solitonic pulses
in an intracavity OPO [44]. There, it was demonstrated
only for angular velocity mismatches comparable to the

FIG. 3. Blue line shows the modulation-instability (MI) growth
rate of the upper branch (UB) of the intracavity cw state against
the cold-cavity detuning δ ¼ ωp − Ω: μ ¼ �20;�21;�22 are
the mode number offsets with the highest gain within a given
interval of δs. μs are counted left and right from the mode number
mp ¼ 13112 corresponding to the cavity resonance ωp nearest
the pump frequency Ω. μ ¼ �20 matches the experimentally
observed spectral lines separated by ≃20 FSR. Bold black lines
and the right vertical axis show the peak power of the intracavity
pump cw state vs δ. The bistability interval starts from δ=ð2πÞ ≃
3 MHz and extends towards larger δs. Red line shows MI-growth
rate of the lower branch (LB) of the bistability loop. The dashed
horizontal line indicates zero of the MI gain. One can see that LB
is stable through most of its existence range. Full details of the
parameter values used are provided in [32].

FIG. 4. Top (bottom) row is for the pump (red) [second-harmonic (green)] field. (a),(d) Numerically calculated spectra for a varying
detuning δ showing three intervals of comb generation. (b),(e) show the near-infrared and green spectra for δ=2π ¼ 0.0699 MHz from
(a) and (d), respectively. (c),(f) show the spectra for δ=2π ¼ 2.6189 MHz. Enlarged areas show the individual resonances in the
quasicontinua separated by FSRnl for both the near-infrared and green spectra. To achieve the spectral states shown here the number of
resonator round-trips used was 208 000.
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nonlinear linewidth of the cold cavity (∼ few to tens of
MHz here) [44], much less than the ∼1 GHz velocity
mismatch relevant for us here.
The results presented here can be considered a first step

towards unveiling the full potential of microresonator-
based χð2Þ combs; it should be noted that other groups
also work on similar experiments [45]. While there is room
for improvement, this new approach comes with the
advantage of using the generally stronger χð2Þ nonlinearities
as opposed to χð3Þ nonlinearities commonly used in micro-
resonator-based combs. We observe combs at pump powers
of 2 mW, while first cascaded processes are observed at
even lower pump powers of 90 μW already as internally
pumped OPO sets in analogously to bow-tie cavities [25].
Our comb thresholds are on the same order of magnitude
as highly optimized Kerr combs [46–48] While we do not
show a soliton comb as we are very far from the anomalous
dispersion regime [Fig. 1(b)], several theoretical studies
argue that it is possible to generate a soliton comb with this
scheme provided the phase matching is accompanied by a
reduced or vanishing FSR offset between the pump and
second harmonic [21,31,44,49]. Matching FSRs spectrally
separated by an octave are found in the present sample: in
this case, a quasi-phase-matching (QPM) structure has to
be employed [36]. Introducing a QPM structure allows for
great flexibility regarding the center wavelengths and
polarization states of the generated combs. While we use
hand-polished microresonators, this method can also be
employed for batch-compatible chip-integrated microreso-
nators. Recently, the first chip-integrated OPO was dem-
onstrated, potentially paving the way for chip-integrated
χð2Þ microcombs [50]. This would increase the scalability
of the platform introduced here, making it even more
appealing for applications. Thus, we expect this proof-of-
principle device to initiate significant research activities.
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