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Selective generation of Kerr combs induced by
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We numerically and experimentally investigate the asymmetrically phase-detuned dual pumping of a passive inhomogeneous fiber ring cavity. This configuration originates
from the fine control of frequency mismatch between the
frequency spacing of the bichromatic pump and the free
spectral range of the cavity. Multicomb states at offset
frequencies can be selectively generated by means of the
mismatch parameter and the coexistence of Turing and
Faraday instabilities. © 2018 Optical Society of America
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Kerr frequency combs are usually generated in the case of
continuous-wave (CW) or quasi-CW pumping of passive optical resonators. Two main physical mechanisms at the origin of
stable comb states were identified by changing the pumping
parameters (i.e., pump power and linear cavity detuning),
namely the modulation (Turing) instability of the pump
and the emergence of dissipative temporal cavity solitons
[1,2]. The latter allows the formation of broadband and smooth
comb spectra and is of considerable interest for applications in
optical communications, spectroscopy, and LIDAR systems
[3,4]. However the CW driving is not the only way of generating such Kerr combs; recently, bichromatic pumping or
pulsed driving has been demonstrated in various cavity platforms [5,6,7,8,9]. In contrast to a monochromatic pumping,
such operations require synchronization of the external driving
pulse repetition rate with the free spectral range (FSR) of the
resonator. But several benefits of this configuration were demonstrated [10,11,12], such as stable comb states obtained with
a lower average pump power [6,8] and the generation of
frequency combs with varying frequency spacing [13]. More
importantly, the use of two pumps or a driving pulse can provide an additional degree of freedom in the control of cavity
dynamics, namely the frequency mismatch between the pulse
repetition rate and the FSR of the resonator. The impact of
synchronization mismatch has been already investigated in
the bistable regime and the generation of cavity solitons in
0146-9592/18/184449-04 Journal © 2018 Optical Society of America

nonlinear optical resonators [8,9]. This mismatch effect was
considered as a convective process introduced in the system,
which can rapidly inhibit bistability in the absence of chromatic
dispersion [9].
In this Letter, we investigate the impact of such a frequency
mismatch on the generation of Kerr combs in a passive inhomogeneous nonlinear fiber ring cavity, more particularly in the
monostable regime. Complementary experimental and numerical studies are reported to evidence the possible control of comb
patterns with particular fiber cavity arrangements. First of all,
Fig. 1 recalls the simplified picture of possible pumping configurations. In the usual CW-driving operation, a monochromatic
laser (at angular frequency ω0 ) is injected close to a cavity
resonance [see Fig. 1(a)]. According to the pump and cavity
properties (i.e., linear detuning, power, etc.), the pump can
undergo different nonlinear evolutions, including modulation
instability (MI) and breather or stable cavity soliton propagations, as well as chaos. When using a bichromatic pump, centered on ω0 , two different choices are available depending on the
frequency spacing Ω between the two pump waves. If Ω∕2
equals an exact multiple of the cavity’s FSR (Ω∕2 
2πN × FSR), then the two pumps (symmetrically phasedetuned) see the same linear phase detuning ϕ (without
dispersion) from one round trip to the next [see Fig. 1(b)–1(d)].
Otherwise, if the pump separation deviates such as Ω∕2 
2πN × FSR  δΩ∕2, each pump (asymmetrically phasedetuned) experiences a different linear phase detuning [see
Figs. 1(c)–1(d)] controlled by the frequency mismatch δΩ, as
well as the comb lines subsequently generated through fourwave mixing (FWM) between the two pumps.
Figure 2 depicts our experimental setup based on a resonant
passive fiber ring cavity made of a 26.5-m-long segment of
highly nonlinear optical fiber (HNLF) and a 1.5-m-long segment of SMF28 fiber. Dispersion and nonlinear parameters of
both fibers are βHNLF
 −0.89 ps2 km−1 , γ HNLF  10 W −1 km−1 ,
2
2
−1

−21.7
ps
km
, and γ SMF  1.2 W −1 km−1 at
βSMF
2
1552.4 nm. 90/10 and 99/1 fiber couplers were used to form
the cavity and to extract the intracavity field. The cavity finesse
f was estimated to be ∼19 based on the measurement of
cavity’s FSR about 7.36 MHz and the width of the linear resonance 390 kHz. We split a CW laser at λ0  1552.4 nm
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To model the intracavity field evolution, we solve the following Ikeda map with an iterative Fourier method [14]:
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Fig. 2. Experimental setup. ISO, optical isolator; PC, polarization
controller; EOM, electro-optical modulator; OF, optical filter; EDFA,
erbium-doped fiber amplifier; OC, optical circulator; PD, photodiode;
HNLF, highly nonlinear optical fiber; OSA, optical spectrum analyzer.
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(linewidth <1 kHz) into two parts. The first part, the “control
wave,” is injected into the cavity to maintain the linear detuning at ω0 by means of a proportional-integral-derivative (PID)
controller that finely tunes the laser wavelength. The second
one, the “pump wave,” is intensity-modulated at the null transmission point of the electro-optic modulator to suppress the
optical carrier wave leading to two pump lines of equal power
centered at ω0  Ω∕2. The frequency spacing Ω is freely adjusted around 2π × 80 GHz to fix the respective linear detunings seen by the two pumps. Before injection into the cavity,
the pump wave is again intensity-modulated to generate 4 ns
square pulses at the frequency equal to the cavity’s FSR; this
enables the increase of pump peak power. This pulsed pump
is then amplified by an erbium-doped fiber amplifier (EDFA)
and launched into the cavity through the 90/10 coupler.
Control and pump waves were counterpropagating to minimize
their mutual interaction. Note that the input polarization states
were controlled via polarization controllers to excite a neutral
axis of the cavity fiber. Temporal and spectral characterization
of the intracavity field is provided by an intensity autocorrelator
and a high-resolution optical spectrum analyzer.

Power (W)

Fig. 1. Simplified diagram of linear resonances with distinct pumping configurations of the fiber cavity (in the absence of dispersion and
nonlinearity, and linear detuning arbitrarily set to 0 at ω0 ). (a) Singlefrequency pumping configuration. (b) Symmetrically phase-detuned
dual pumping. (c) Asymmetrically phase-detuned dual pumping.
(d) Corresponding linear phase detuning ϕ.

where Ã is the Fourier transform of the complex envelope of the
intracavity optical field Am at the mth round trip in the cavity,
and Ain is the external bichromatic pump field (i.e., a sine wave).
Both Am and Ain are expressed in a reference frame moving with
the group velocity at the center frequency ω0. z and t represent
the propagation distance inside the cavity and the time in this
reference frame, respectively. L is the cavity length, α the total
power lost per round trip related to the finesse through
α ≈ 2π∕f , and R represents the reflection coefficient of the
coupler closing the cavity. Here the linear round trip phase detuning ϕ is not constant but frequency dependent, so that
Eq. (2) is expressed in the frequency domain. As shown in
Fig. 1(d), the frequency-dependent phase detuning ϕ is given
by the following relation: ϕω  ϕω0   ω − ω0 δΩ∕4π∕
N × FSR 2 , where ϕω0  is the associated round trip phase shift
at frequency ω0. In the following, we will also refer to the normalized detuning Δ0 of the cavity at frequency ω0 defined as
Δ0  22πk − ϕω0 ∕α, where k is the nearest resonance.
Note that our linear frequency dependence of phase detuning
is equivalent to the time-derivative term of Eq. (1) in Ref. [9],
which represents the effect of synchronization mismatch (also
considered as a convective term).
First, we provide numerical and experimental results in the
symmetrically phase-detuned dual-pumping configuration.
Figures 3(a) and 3(b) display the spectral and temporal states
predicted from numerical simulations for the parameters Δ0 
1.1 and P 0  0.4 W (P 0  jAin j2 ). Figure 3(b) indicates both
the temporal profile of the generated pulse trains (black line)
and its corresponding autocorrelation trace (red line) for easy
comparison with the experimental one [see Fig. 3(d)]. Here, the
frequency spacing between the two pumps was fixed to an exact
multiple of the FSR (Ω∕2π  10866 FSR ∼ 80 GHz), i.e. the
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Fig. 3. Numerical and experimental results for the symmetrically
phase-detuned dual-pumping configuration. (a), (b) Numerical results
of the spectral and temporal states when Δ0  1.1 and P 0  0.4 W.
(c), (d) Corresponding experiments obtained for Δ0  1.1 and
P 0  0.47 W. Temporal red curves in (b) and (d) indicate autocorrelation traces.
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Fig. 4. Various comb states obtained in the asymmetrically phase-detuned dual-pumping configuration as a function of δΩ. (a)–(d) Numerical
results obtained for Δ0  1.1, P 0  0.4 W, and δΩ∕2π −120, −250, −300, and 300 kHz, respectively. (e–h) Corresponding experimental
results when Δ0  1.1, P 0  0.47 W, and δΩ∕2π −120, −220, −286, and 286 kHz, respectively.

pumps undergo the same linear phase detuning. We observe
the development of a Kerr frequency comb formed by multiple
FWM, with an envelope modulation due to MI gain bands,
as shown in Fig. 3(a). Temporally, this corresponds to the
formation of a train of stable multipulse structures inside
the cavity [see Fig. 3(b)]. After an initial reshaping of the initial
80 GHz temporal beating into a train of picosecond pulses, a
temporal modulation takes place on the top of these pulses due
to their high local peak power exceeding the intracavity MI
threshold [6]. Since the MI frequency is higher than the
pump spacing, many ultrashort localized structures can form
within each period of the initial beating depending on the input
pump power. Figures 3(c)–3(d) report experimental measurements performed in conditions analogous to the simulations.
Next, we investigate the asymmetrically phase-detuned
configuration for which the repetition rate of the external
pumping no longer matches with a multiple of the cavity’s
FSR. Figures 4(a)–4(c) depict the simulated spectra obtained
when the pump separation Ω is decreased, respectively, by
δΩ∕2π  −120, −250, and −300 kHz. Other parameters are
the same as previously. Decreasing the pump separation results
in an asymmetric phase detuning for each comb line (see
also Fig. 1). The linear phase detuning ϕ is also depicted in
Figs. 4(a)–4(c) (right axis, with red line). In Fig. 4(a), for a
pump separation reduced by δΩ∕2π  −120 kHz, we observe
a spectrum nearly analogous to the symmetric configuration
with an envelope modulated by MI bands (the fundamental
MI band being detuned by 0.6 THz). When further reducing
Ω, two lateral frequency combs at 1.8 THz start to grow. The
emergence of these newly generated bands is concomitant with
the decrease of the MI band power and reaches similar power
when δΩ∕2π  −250 kHz [see Fig. 4(b)]. For a pump separation reduced by −300 kHz, we observed the total disappearance of the MI bands and the formation of a spectrum
principally composed by three narrow triangular combs centered
on the pumps and around 1.8 THz [Fig. 4(c)]. Temporally,
this spectrum corresponds to the overmodulation of the 80 GHz
beating as represented in Fig. 5(a). We also checked the special
case where the pump spacing is increased instead of reducing it.
As shown in Fig. 4(d), for δΩ∕2π  300 kHz, we observed
the formation of a nearly exact symmetric spectrum displayed in

Fig. 4(c) with respect to the central frequency ω0. This behavior
could be easily understood since the slope of the round trip phase
detuning function changes its sign [red line in Fig. 4(d)]. Hence,
the negative and positive frequencies exchange their phase detunings, leading to a spectral flip of the spectrum. We also evaluated
the temporal characteristics in Fig. 5(b), when δΩ∕2π 
300 kHz, which reveal a time reversal of the intensity profile
compared to Fig. 5(a). Such asymmetric pulse profiles result
from the synchronization mismatch [9], for which the convective
process is then responsible for a drift motion of the multipulse
structure along the top of each period of the initial beating.
Figures 4(e)–4(h) present the recorded experimental spectra corresponding to Figs. 4(a)–4(d). During the experiment, the input
value δΩ has been slightly tuned to improve the correspondence
of full spectra. These results are found to be in good agreement
with the numerical predictions and confirm the possible selection of growing spectral combs centered on different frequencies
detuned from the pump [see Figs. 4(e)–4(h)]. Small discrepancies between simulations and experiments are still present
[e.g., see Figs. 3(a) with 3(c) and 4(d) with 4(h)], and such slight
additional asymmetries are due to third-order dispersion and
Raman scattering, which are not included in Eq. (1).
To elucidate the underlying mechanism responsible for
the formation of the distinct combs states in Figs. 4(c)–4(d)
and 4(g)–4(h), we performed additional numerical simulations
for different fiber configurations. A detailed analysis of the results indicates that their origin is related to the 1.5-m-long segment of SMF28 fiber within the cavity (corresponding to the
coupler segments). This short piece of fiber is long enough to

Fig. 5. Numerical temporal profile (black) and autocorrelation trace
(red) for Δ0  1.1, P 0  0.4 W, δΩ∕2π  −300 kHz (a), or
300 kHz (b).
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Fig. 6. (a) Numerical spectra obtained after 200 round trips for a
single-frequency pumping (Δ0  1.1, P 0  0.2 W). The red curve
accounts for a fiber cavity including an additional 2-m-long segment
of SMF28 (3.5 m in total). (b) Experimental comb states recorded in
the asymmetrically phase-detuned dual-pumping configuration. Black
curve: same spectrum as Fig. 4(g). Red curve: fiber cavity including an
additional 2-m-long segment of SMF28 (Δ0  1.1, P 0  0.6 W, and
δΩ∕2π  −286 kHz).

lead to the emergence of new narrow and weak sidebands when
pumped with a monochromatic pump [see sidebands located
at 1.82 THz in Fig. 6(a)]. Indeed the longitudinal modulation of the dispersion inside the cavity induces a new kind of
coexisting parametric instability [15,16], also known as Faraday
instability. In particular, Turing and Faraday instabilities can be
independently excited by tuning the input power in a normally
dispersive cavity and identified, thanks to their different phasematching relations and frequencies [16]. In the case of dual
pumping, this additional narrowband Faraday instability acts
as a seed for the comb conversion centered on the two pumps
into up- and down-shifted frequencies.
Here, the presence of two different fibers into the cavity
allows the simultaneous formation of two distinct pairs of spectral combs that can be independently selected as a function of
δΩ. Since one pair of lateral spectral combs is here related to
Faraday bands induced by the SMF28 piece, any change of the
properties of this fiber segment should influence their frequency position, as shown in Fig. 6(a), for a single-frequency
pumping configuration. By adding an extra piece of 2-m-long
SMF28 in the cavity, we experimentally succeeded to tune
the central frequency of the generated lateral combs from
1.83 THz to 1.33 THz [red spectrum, Fig. 6(b)]. These
values are in very good agreement with numerical simulations
(1.82 THz and 1.31 THz, not shown here) and even theoretical predictions (1.74 THz and 1.30 THz) from the
phase-matching relation for a CW pump [16]. A potential application of these newly generated lateral combs is to generate
through spectral filtering a train of short pulses centered on a
chosen frequency. Indeed, numerical filtering of the narrow
comb detuned by −1.8 THz in Fig. 4(d) results in a train of
nearly Gaussian 2.3 ps pulses [see Fig. 7(a)]. Experimentally,
we simply used a bandpass filter in order to isolate the downfrequency-shifted spectral comb at −1.8 THz in Fig. 4(h). The
experimental autocorrelation trace obtained in Fig. 7(b) confirms the generation of a train of short pulses with duration
of 2.1 ps.
In conclusion, we have reported new insight into the nonlinear dynamics of Kerr comb generation by means of an asymmetrically phase-detuned dual-pumping configuration. This
novel pumping technique provides an easy way to harness
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Fig. 7. (a) Numerical temporal profile corresponding to the filtered
down-shifted spectral comb at −1.8 THz in Fig. 4(d). The temporal
red trace indicates the autocorrelation function. (b) Experimental autocorrelation trace recorded behind a bandpass filter in order to isolate
the down-shifted spectral comb at −1.8 THz in Fig. 4(h).

Kerr combs in fiber cavities and analogous driven systems.
For particular fiber arrangements, namely with an inhomogeneous anomalous dispersion profile [15,16], we show the
emergence of multicomb states whose selection rules are driven
by the additional degree of freedom δΩ. Moreover, the filtering
of these combs allows the generation of a train of short pulses
frequency-detuned from the initial bichromatic pump.
Funding. Agence Nationale de la Recherche (ANR) (ANR15-IDEX-03); Conseil Régional de Bourgogne.
Acknowledgment. The authors thank D. Ceoldo, T.
Hansson, D. Modotto, and S. Wabnitz for fruitful discussions.
REFERENCES
1. A. A. Savchenkov, A. B. Matsko, and L. Maleki, Nanophotonics 5, 363
(2016).
2. P. Grelu, Nonlinear Optical Cavity Dynamics: From Microresonators
to Fiber Lasers (Wiley-VCH Verlag, 2016).
3. A. M. Weiner, Nat. Photonics 11, 533 (2017).
4. P. Trocha, D. Ganin, M. Karpov, M. H. P. Pfeiffer, A. Kordts, J.
Krockenberger, S. Wolf, P. Marin-Palomo, C. Weimann, S. Randel,
W. Freude, T. J. Kippenberg, and C. Koos, Science 359, 887 (2018).
5. Y. Liu, Y. Xuan, P. H. Wang, D. E. Leaird, L. Fan, L. T. Varghese, M.
Qi, and A. M. Weiner, in Frontiers in Optics, OSA Technical Digest
(online), 2013, paper FM4E.3.
6. D. Ceoldo, A. Bendahmane, J. Fatome, G. Millot, T. Hansson, D.
Modotto, S. Wabnitz, and B. Kibler, Opt. Lett. 41, 5462 (2016).
7. C. Bao, P. Liao, A. Kordts, L. Zhang, M. Karpov, M. H. P. Pfeiffer, Y.
Cao, Y. Yan, A. Almaiman, G. Xie, A. Mohajerin-Ariaei, L. Li, M. Ziyadi,
S. R. Wilkinson, M. Tur, T. J. Kippenberg, and A. E. Willner, Opt. Lett.
42, 595 (2017).
8. E. Obrzud, S. Lecomte, and T. Herr, Nat. Photonics 11, 600 (2017).
9. S. Coen, M. Tlidi, Ph. Emplit, and M. Haelterman, Phys. Rev. Lett. 83,
2328 (1999).
10. M. Haelterman, S. Trillo, and S. Wabnitz, Electron. Lett. 29, 119
(1993).
11. D. V. Strekalov and N. Yu, Phys. Rev. A 79, 041805 (2009).
12. T. Hansson and S. Wabnitz, Phys. Rev. A 90, 013811 (2014).
13. W. Wang, S. T. Chu, B. E. Little, A. Pasquazi, Y. Wang, L. Wang, W.
Zhang, L. Wang, X. Hu, G. Wang, H. Hu, Y. Su, F. Li, Y. Liu, and W.
Zhao, Sci. Rep. 6, 28501 (2016).
14. M. Haelterman, S. Trillo, and S. Wabnitz, Opt. Commun. 91, 401 (1992).
15. M. Conforti, F. Copie, A. Mussot, A. Kudlinski, and S. Trillo, Opt. Lett.
41, 5027 (2016).
16. F. Copie, M. Conforti, A. Kudlinski, A. Mussot, and S. Trillo, Phys. Rev.
Lett. 116, 143901 (2016).

