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High-order-dispersion-induced dispersive waves emitted by dissipative Kerr solitons are frequently
observed in microresonator frequency comb generation. Also known as soliton Cherenkov radiation,
this type of dispersive wave plays a critical role in comb spectrum broadening as well as formation
of soliton bound states. Here, we report the experimental observation of symmetry breaking in the
group velocity of counterpropagating solitons in a crystalline microresonator. Induced by the poly-
chromatic Cherenkov radiation, soliton bound states are formed, showing different group velocities
with different spatiotemporal separations between constituent solitons. By bidirectionally pumping
the microresonator with laser fields of equal power and frequency, we demonstrate the degeneracy
lifting of repetition rates of the counterpropagating solitons. Our work not only shines new light on
the impact of dispersive waves in nonlinear cavities, but also introduces a novel approach to develop
compact dual-comb spectrometers.

Dispersive waves are of importance in the study of wave
propagation in hydraulics [1], solid mechanics [2], mag-
netic systems [3] and ecology [4]. In optics, dispersive
wave formation [5] has played a pivotal role in the de-
velopment of self-referenced frequency combs [6, 7] by
enabling coherent octave spanning spectra via supercon-
tinuum [8–11]. Analogous to classical Cherenkov radi-
ation (CR) that occurs when a charged particle passes
through a dielectric medium at a speed exceeding the
phase velocity of light, dispersive waves can be emitted
by dissipative cavity solitons when the soliton phase ve-
locity matches that of a spectrally separated wave, lead-
ing to oscillatory tails at the trailing or leading edge of
the solitons [12–15]. In recent years, the generation of
CR with dissipative Kerr solitons (DKS) has given rise to
broadband and coherent microresonator frequency combs
(microcomb) [16]. In this context, CR has been utilized
for achieving comb self-referencing [17], octave spanning
of comb spectrum [18], microcomb stabilization [19], and
deterministic single-soliton microcomb inception [20]. In
addition, CR can be used as a means of tuning the soli-
ton group velocity and consequently the microcomb rep-
etition rate [13, 14, 21–24], which on the one hand may
facilitate the agile control of comb line spacing, but on the
other hand constitutes a noise transduction mechanism
for microwave generation based on Kerr microresonators
[22, 25].

In this work, we demonstrate that soliton CR can lead
to the symmetry breaking of the repetition rate of coun-
terpropagating (CP) DKS. In contrast to earlier works
that deliberately imposed an asymmetry in either pump
power [26] or laser frequency [27], we observe that, even
with pumping fields of identical power, polarization and
frequency, CP DKS can have distinct group velocities.
As conceptually illustrated by Fig. 1, under symmetric
pumping conditions, the CP DKS group velocity sym-
metry can be broken if (1) the clockwise (CW) and the
counter-clockwise (CCW) states are of unequal soliton
numbers; or (2) the CW and the CCW states are of multi-

soliton states with equal soliton numbers but dissimilar
spatiotemporal arrangements. Such microcomb repeti-
tion rate symmetry breaking mechanism constitutes a
simple yet powerful method to perform dual-comb spec-
troscopy using a single laser, and within a single whis-
pering gallery mode (WGM) family. To offer insight into
this phenomenon, we simulate the soliton bound states
in a Kerr cavity with high-order dispersions. We reveal
that the polychromatic CR induced by individual soli-
tons can interact with co-propagating solitons and their
corresponding CR. Such interaction forms multi-soliton
bound states, and induces DKS group velocity variations
with different inter-soliton separations due to the soliton
recoil effect [5, 13, 28].

Fig. 2 (a) illustrates the experimental setup. A con-
figuration of CP solitons in a single WGM family in a
crystalline MgF2 resonator is ultilized due to the perfect
symmetric pump condition it allows. The resonator has
a free spectral range (FSR) of 14.09GHz. A tapered fiber
is used to evanescently couple light into and out of the
resonator, with a loaded quality factor (Q) of ∼ 1 × 109.

(b)

(a) CW CCW

Figure 1. Under symmetric pumping conditions, CW and
CCW DKS can have different soliton group velocities if (a)
the CP states are of unequal soliton numbers; or (b) the CP
states are multi-soliton states with equal soliton numbers but
unequal inter-soliton separations.
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Figure 2. (a) Experimental setup. (b) Optical spectra of
the single-soliton states in the CW (blue) and CCW (red) di-
rections. A picture of the microresonator is shown in the in-
set. (c) Soliton repetition rate spectrogram obtained from the
combination of two CP soliton states while scanning the de-
tuning over 16MHz. The step size of the scanning is 100 kHz.
At each step, after the detuning is changed, stable microcomb
optical spectra and repetition rate spectrum are acquired.

A 1550-nm laser is amplified by an erbium-doped fiber
amplifier (EDFA) to 400mW. A 50/50 splitter and two
fiber circulators are used to pump a single spatial mode
with CW and CCW fields of equal intensities. By down-
sweeping the laser frequency over the mode resonances
we are able to generate CW and CCW DKS, whose mi-
crocomb spectra and repetition rates are monitored by
two optical spectrum analyzers (OSAs) and an electri-
cal spectrum analyzer (ESA). When both directions are
of single-soliton state (see Fig. 2 (b) for the single-soliton
comb spectra), the repetition rates of both microcombs
shown in Fig. 2 (c) remain degenerate as the detuning is
tuned over 16MHz, despite several discontinuities that
are attributed to the bistability induced by single-mode
dispersive waves [22, 29]. Due to the large number of
spatial modes the resonator can hold, the microcomb
spectra exhibit a number of pronounced CR emissions
at various wavelengths due to mode crossings caused by
spatial mode interactions [28, 30, 31]. By monitoring
the microcomb spectra we find that these CR emissions

in the CW microcomb behave the same as those in the
CCW microcomb, i. e. showing almost identical relative
intensities and becoming stronger or weaker at the same
time. Such observations clearly show that the CW and
CCW microcomb states are dynamically symmetrical.
One should note that even with a small level of inequality
in the bidirectional pumping intensities and frequencies,
CP DKS can still maintain the repetition rate degeneracy
due to the interlocking effect that is caused by the back-
scattering [27]. Our separate measurement shows that
the interlocking can be sustained until the repetition rate
difference surpasses a few hundred Hz (see Supplemental
Material [32] for details).

Next, with DKS number switching technique [33],
we generate a CW single-soliton state and a CCW
dual-soliton state whose comb spectra are presented in
Fig. 3 (a). It is well known that CR of a soliton can in-
teract with other solitons, forming soliton bound states
via dispersive-wave-mediated soliton interactions [34–36].
On the one hand, the CR manifests as a modulation of
the intracavity field background that is bound to the soli-
ton [5] and which provides a trapping potential for multi-
soliton states [37]. On the other hand, the CR constitutes
a loss mechanism where energy is radiated from the soli-
tons and induces a shift of the soliton group velocity in
a deterministic way (spectral recoil effect). Moreover,
because CR in practical settings are normally broadband
(induced by third-order dispersion) or polychromatic (in-
duced by multiple spatial mode interactions), the inter-
ference between CR of multiple solitons can be very com-
plex, and certain CR emissions can be either enhanced
or suppressed by the interference. Compounded by the
CR-induced detuning bistability [22, 29], it is reasonable
to expect a multi-soliton DKS to have a soliton group ve-
locity that is different from that of a single-soliton state
due to the different recoil strengths at certain detunings.
Indeed, as shown in Fig. 3 (b), we observe that the CP
DKS feature non-degenerate group velocities (i. e. the
CW DKS repetition rate f cw

rep is different from the CCW
DKS repetition rate f ccw

rep ) at several detuning regions
as we scan the pump-resonance detuning over 10MHz.
In these regions two prominent repetition rate signals as
well as multiple weak modulational signals are detected,
with a splitting of the repetition frequency that is typ-
ically of a few kHz. In addition, in stark contrast to
the situation where both CW and CCW are of single-
soliton state, the polychromatic CR in the single-soliton
state and the dual-soliton state exhibit different behav-
iors. As an example, in Fig. 3 (c) we plot the optical
intensity of a mode that is separated from the pumped
mode by 246 FSRs. We denote the mode order number
as µ = 246 while the pumped mode is of µ = 0. Strong
CR amplitudes are found in this mode, as presented in
Fig. 3 (a). This mode also shows notable bistability with
different detuning scanning directions, and the bistabil-
ity occurs at different detuning regions for CW and CCW



3

-20 -10 0 10 20
Repetition rates (kHz + 14.093 GHz)

re
woP F

R evitale
R

)vid/Bd02(

-20 -10 0 10 20 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

re
woP F

R evitale
R

)vid/Bd02(

8 kHz

(c)

(d)

(b)(a)

23

13

18

RF frequency (MHz)

0 0.1

μ=246

μ=246

Pump detuning (MHz)

(2
0d

B/
di

v)

CCW

CW

D
iff

er
en

ce
µ=

24
6 

m
od

e 
re

la
tiv

e 
in

te
ns

ity
(2

0d
B/

di
v)

13 14 15 16 17 18 19 20 21 22

(e)

1510 1530 1550 1570 1590
Wavelength (nm)

Po
w

er
 (2

0 
dB

/d
iv

)

DegenerateNon-degenerate Non-degenerateDegenerate

Figure 3. (a) Microcomb spectra of a CW single-soliton state (blue) and a CCW dual-soliton state (red). (b) Evolution of
the CP DKS repetition rates when the pump-resonance detuning is scanned. In the regions where the degeneracy is lifted
(indicated by the lower yellow strips), the higher (lower) repetition rate corresponds to the CW (CCW) DKS because the signal
shows slightly higher (lower) amplitude. Around the two prominent repetition rate signals we observe multiple modulation
sidebands, which we attribute to the collision between CW and CCW solitons in the microresonator. (c) The upper figure
shows the relative CR intensities in a mode (order number µ = 246) in the CW (blue) and the CCW (red) microcombs. Strong
bistabilities with increasing detuning (open circles and solid lines) and decreasing detuning (shallow circles with dashed lines)
are indicated by the shaded areas. The lower figure plots the relative intensity difference with different detuning sweeping
directions. The black dotted line indicates the equal relative intensities. (d) The non-degenerate (left) and the degenerate
(right) repetition rate spectra that correspond to the red and green dots shown in the lower panel in (b). The resolution
bandwidth (RBW) is 500Hz. (e) The RF comb obtained when the repetition rate degeneracy is lifted. The line spacing of the
RF comb is equal to the frequency difference between the repetition rates of the CW and CCW solitons. The inset shows a
portion of the comb in the frequency range of 0 – 0.1MHz.

solitons. Consequently, the CR amplitudes in CW and
CCW directions are significantly different in regions that
are shaded in colors, which in turn, cause different recoil
impact on the DKS and shift DKS group velocities as well
as the carrier frequencies of solitons and CR by different
amounts. Since the microcombs in this study show ob-
servable CR in many modes across the comb spectra, to
accurately quantify the combined effect of all CR emis-
sions is non-trivial and beyond the scope of this work.
In [32] we adopt simplified models to simulate the DKS
group velocity shifts under the influence of polychromatic
CR. The simulation results are in qualitative agreement
with the experimental observations.

The lifting of the group velocity degeneracy offers a
straigtforward approach to generate a dual-comb spec-
trum [38] at low frequency ranges. In Fig. 3 (e) the radio-
frequency (RF) spectrum generated by the beating of

the two combs is presented. The pump-resonance detun-
ing is set to be 18MHz. The dual-comb configuration
is corroborated by the baseband structure observed on
the ESA. It consists of equidistant RF signals starting
from DC as the two microcombs share the same pump
laser. The line-spacing of the RF comb is determined
by the difference between CW and CCW soliton group
velocities. Owing to the relatively small repetition rate
difference (∆frep) and the fact that the RF comb starts
at DC, the dual-comb system strongly relaxes the pho-
todetection bandwidth requirement, and leads to a large
optical-to-RF mapping factor of approximately 106.

In order to reveal the dual-soliton repetition rate’s
dependence on the inter-soliton separation, we experi-
mentally compare the repetition rates of CP dual-soliton
states that are of identical or distinct inter-soliton sep-
arations. First, in both directions we generate dual-
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Figure 4. (a) Comb spectra of the dual-soliton states in the CW (blue) and CCW (red) directions, showing identical inter-
soliton separations. The insets display the estimated temporal separations in the dual-soliton states. (b) Soliton repetition rate
spectrogram of the identical CP DKS, showing a single repetition rate signal the whole time. (c) Comb spectra of the CW and
CCW dual-soliton states that are of different temporal arrangements. (d) The repetition rate spectrogram of the dissimilar
dual-soliton states exhibit several regimes where degeneracy is lifted.

soliton states that are of exactly same temporal arrange-
ment (see [32] for details of the generation approach).
In Fig. 4 (a) are the comb spectra of the CW and CCW
DKS. Several strong single-mode dispersive waves are ob-
served at the same locations in both spectra. Only one
repetition rate is observed as the pump-resonance de-
tuning is scanned over ∼ 10MHz (Fig. 4 (b)), suggesting
that the symmetry is preserved the whole time. We then
repeat the detuning scanning experiment with CP dual-
soliton states that obviously have dissimilar inter-soliton
separations. The corresponding microcomb spectra are
presented in Fig. 4 (c). This time we observe noticeable
difference in the CR spectra in the two combs. Remark-
ably, as displayed in Fig. 4 (d), in several detuning re-
gions the CP DKS exhibit double repetition rates, show-
ing symmetry breaking in soliton group velocity.

Here we discuss the significance of this work. Previ-
ous studies [34–36] on dispersive waves’ role in the for-
mation of DKS bound states, mostly based on theoret-
ical and numerical analysis, have already implied that
DKS bound states would have different group velocities
if their structures are different. Our work takes advan-
tage of the large number of mode crossings in a WGM
resonator to demonstrate the DKS group velocity vari-
ation with mode-crossing-induced polychromatic CR. It
corroborates earlier studies with convincing experimen-
tal results. It is of particular importance to mention that
a mode-crossing-induced CR often can be approximated
by a single-mode CR [22], which effectively enhances only
one comb tooth, and creates a quasi-periodic intracavity

potential traps. Such quasi-periodic traps lead to multi-
DKS bound states with constructive CR interference [20],
hence the CR intensity is quadratically proportional to
the number of DKS. As a result, the DKS group velocity
is almost unaffected by the inter-soliton separations as
long as the soliton number in the bound state remains
the same. Conversely, as shown by our experiments, in-
terference of polychromatic CR is complicated and may
significantly vary the DKS group velocity with different
choices of bound state structure. The complex nature of
the soliton binding also can be related to the case of 2D
soliton bound states [39].

For practical applications, our work demonstrates a
simple dual-comb generation scheme by turning the usu-
ally undesired multiple mode crossings into an advan-
tage in manipulation of microcomb repetition frequency.
Admittedly, the generated RF comb spectrum is not as
smooth as those generated by two single-soliton micro-
combs, and the use of one pumping laser results in folding
of the RF comb [27, 40], which would reduce the usable
spectral range in dual-comb spectroscopy applications.
Yet, with extra filtering [40] or a referenced arm [41]
these shortcomings can be alleviated. Furthermore, our
technique may be applied in microcomb-based lidar sys-
tem [42, 43] or Vernier spectrometer [44] where it could
simplify the system without degrading the coherence.

The code and data used to produce the plots within
this Letter are available by following the link in Ref. [46].
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