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Solitons in microresonators have spurred intriguing nonlinear optical physics and photonic applications.
Here, by combining Kerr and Brillouin nonlinearities in an over-modal microcavity, we demonstrate spatial
multiplexing of soliton microcombs under a single external laser pumping operation. This demonstration
offers an ideal scheme to realize highly coherent dual-comb sources in a compact, low-cost and energy-
efficient manner, with uniquely low beating noise. Moreover, by selecting the dual-comb modes, the
repetition rate difference of a dual-comb pair could be flexibly switched, ranging from 8.5 to 212 MHz.
Beyond dual-comb, the high-density mode geometry allows the cascaded Brillouin lasers, driving the
co-generation of up to 5 space-multiplexing frequency combs in distinct mode families. This Letter offers a
novel physics paradigm for comb interferometry and provides a widely appropriate tool for versatile
applications such as comb metrology, spectroscopy, and ranging.
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Owing to the high quality (Q) factor and small mode
volume, light-matter interaction is dramatically enhanced in
optical microresonators, which makes them become a
captivating platform for nonlinear optical physics and
photonic applications [1,2]. In particular, the microcavity-
enhanced Kerr effect has led to the realization of frequency
combs in a miniature platform [3–5]. In recent years, the
blooming of soliton microcomb technology [6–10] has
enabled versatile out-of-lab advances in applications ranging
from optical communications [11–13], optical atomic clock
[14,15], optical sensing [16], to dual-comb spectroscopy
[17,18]. Especially, microcomb multiplexing methods
are particularly appealing for applications such as dual-
microcomb spectroscopy and LiDAR [19–22]. However,
commonly these methods require either an additional exter-
nal laser [23] or a fast electro-opticmodulator [24] to obtain a
second pump light for dual-soliton microcomb generation.
The complexity and cost associated with the operation of
multiple narrow-linewidth laser or high-bandwidth modula-
tor devices limit the simplicity of the system and the mutual
coherence between the comb outputs.
Stimulated Brillouin scattering (SBS), a process that

arises from the coherent coupling between optical fields
and phonons, is another intriguing nonlinear effect in

microcavities [25]. Resulting from its highly effective gain
and narrow band features, the SBS process in micro-
resonators has been used to generate intracavity ultra-
narrow linewidth laser and further led to versatile
applications in low-noise microwave signal generation
[26], Brillouin gyroscope [27], and soliton generation [28].
Here, we demonstrate the spatial multiplexing of Kerr

soliton microcombs in a single over-modal microresonator
using intracavity Brillouin excitations. The intracavity
Brillouin lasing not only provides pumping for an addi-
tional set of microcomb with naturally narrow linewidths
and fixed phase relations to the primary pump light, which
enables remarkably high coherence of the dual-comb
source; but also eliminates the requirement for additional
lasers or modulators, which can significantly simplify the
dual-comb system. In such a high-Q silica microcavity
supporting rich mode families, besides its own Kerr soliton
formation, the pump laser can excite backwardly circulat-
ing cascaded Brillouin lasers (BLs) [29–31], when the
Brillouin gain regions overlap varied resonances. By care-
fully controlling the pump laser detuning, these BLs can
further work as “new pumps” for generating more soliton
microcombs in diverse mode families. This scheme raises a
new physical paradigm for soliton multiplexing, and offers
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a convenientway to realize dual-comb tools.Moreover, since
both theBrillouin lasing [26,28] and the soliton formation are
coherently realized in one single cavity, common mode
noises are efficiently suppressed [32]. Furthermore, by
selecting the excitation mode families of the dual comb,
we demonstrate that the repetition rate difference of the
generated dual comb could be flexibly switched, ranging
from8.5 to 212MHz.Finally, owing to theover-modal cavity
nature, the BL generation could be cascaded. Therefore,
cogeneration of up to 5 spatial-multiplexing soliton fre-
quency combs in distinct mode families is realized.
We utilize the over-modal nature with strong Brillouin

scattering of a silica whispering-gallery-mode (WGM)
cavity, as Fig. 1(a) shows. The microsphere is fabricated
from a commercial optical fiber section using the discharge-
sintering technique (Supplemental Material [33], Sec. I)
with a diameter of ∼600 μm and a Q factor of 1.2 × 108. A
tunable external laser (pump laser, PL) is coupled into the
cavity via a tapered fiber, circulating in the counterclock-
wise (CCW) direction. By properly tuning the PL frequency
into a cavity resonance, stimulated BL could be generated in

the clockwise (CW) direction. Since the free spectral range
(FSR) of our cavity is ∼110 GHz while the Brillouin shift
frequency is of the order of 10 GHz, the PL and the BL are
usually located in two distinct mode families. In order to
generate Brillouin-Kerr dual-comb, both mode families
should exhibit anomalous group velocity dispersion
(GVD). When further tuning the PL frequency from blue
to red, we achieve single Kerr soliton state in both
directions. The coexistence of such Brillouin-Kerr dual
soliton is also demonstrated in numerical simulations (see
Supplemental Material [33] Sec. III). The PL- and BL-based
soliton have different repetition rates, and are easily
combined via a fiber coupler to form dual-comb outputs.
The comb signals are collected in both CW and CCW

directions, the enlarged spectra around the pump wave-
length are shown in Fig. 1(b). The PL and the BL have a
wavelength difference of 0.084 nm, which corresponds to
the Brillouin shift frequency in silica and suggests the PL
and BL belong to different spatial modes. Besides, the first
pair of comb lines in the CCWand CW directions also have
different wavelengths, verifying that the counterpropagat-
ing combs are generated by the PL and the BL, respectively.
The process of dual-soliton co-generation is also inves-
tigated, and there are two different cases when scanning the
PL across different modes [Fig. 1(c)]. The reason is that the
initial “Brillouin gain–resonance” overlapping could be
varied, while the frequency difference between the PL and
the BL (ΔfPB) is typically fixed, determined by the material
and the cavity geometry. In case 1, the BL is initially
generated at the blue-detuned side of the BL mode, and the
comb in both directions evolves regularly (i.e., from
primary, chaotic, to soliton state in sequence), as shown
in Fig. 1(d). While in case 2, the BL is initially generated
at the red-detuned (or slightly blue-detuned) region. With
the pump laser scanning, the power of the BL gradually
increases. Once reaching the Kerr parametric oscillation
threshold, soliton burst is triggered [39], as shown in
Fig. 1(e). In this measurement, the PL scanning speed is
50 GHz=s and the PL power is fixed at 120 mW. Thanks to
the high-Q factor of the cavity and the self-stabilization
of the BL [40], the experimentally obtained soliton
step existence range reaches 2 GHz. It is noted that
the phenomenon of “pumpþ Brillouin” dual-soliton co-
generation is not certain for every mode pair, as the
Brillouin gain band may not cover a high-Q resonance
with anomalous dispersion.
The co-generated PL-based CCW soliton and the

BL-based CW soliton are characterized after generation.
The optical spectra are shown in Fig. 2(a). In these two
spectra, power of the PL is lower than the BL due to the
pump filtering operation. For the steady state shown here,
ΔfPB≈10.48 GHz. The soliton spectra are broad, with 3 dB
bandwidths of 1.47 and 0.95 THz. Spectrum of the
BL-based soliton slightly deviates from the sech2 shape,
which may result from higher order dispersion in the BL
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FIG. 1. Conceptual design of the counterpropagating dual
soliton. (a) Schematic and micrograph of the microresonator
and dual-comb generation. Scale bar: 300 μm. (b) Zoom-in
spectrum of the CCW (blue) and CW (red) comb outputs.
(c) Two cases of dual-comb generation. (d) and (e) The evolution
of the two cases. The top panels show laser power traces while the
bottom panels show comb power traces. Blue: CCW, red: CW.
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mode family [41]. Using the second harmonic generation
(SHG)-based autocorrelation technique, we also measured
frequency-resolved-optical-gating (FROG) maps of the two
soliton combs [Fig. 2(b)]. The retrieved pulse duration of
the CCW and the CW soliton is 215 and 332 fs, respec-
tively, matching their optical spectra well. Three soliton
pulses are shown in a single FROG frame, with a temporal
window of 20 ps. For the CCW soliton, the repetition
period is 8.9532 ps, while for the CW soliton, the repetition
period is 8.9539 ps, verifying the repetition frequency
difference between the two combs.
After combining two solitons together, we measure the

dual-comb beat notes in Fig. 2(c). Mixing of the two solitons
forms an electrical comb in the radio frequency (rf) domain.
The strongest central beat note locates at 10.4802 GHz
(ΔfPB). This is the beat between the PL and the BL at mode
number μ ¼ 0. On both sides of this beating line, other comb
lines demonstrate the one-to-one beat notes between the two
frequency combs. The spacing of the electrical comb is equal
to the repetition frequency difference (Δfrep ¼ 8.5 MHz)
between the two soliton combs. Since ΔfPB ≫ Δfrep, there
is no spectral aliasing. By zooming the rf spectrum in,
we characterize the two beat notes, at 10.4802 GHz

(μ ¼ 0, ΔfPB) and 10.4887 GHz (μ ¼ 1, ΔfPB þ Δfrep).
Signal to noise ratio (SNR) of the pump-Brillouin beat is
higher than 60 dB;meanwhile, SNRof the beat note between
the first order comb line pairs is approaching 50 dB. Noise
analyses are shown in the Supplemental Material [33],
Sec. IV.
Since the over-modal microresonator has many co-

existing mode families, such dual-comb multiplexing could
appear in varied mode pairs. The group index of these mode
families is different, offering chances to obtain distinct
Δfrep in dual-comb interference. This unique property
enables varied dual-comb beat notes in a single micro-
resonator. Experimentally, different mode pairs could be
selected by carefully tuning the PL wavelength into a
specific mode and exciting the BL in another specific
mode. Figure 3(a) shows 5 distinct beat notes in the rf
domain by exciting dual-soliton in varied mode pairs. From
top to bottom, the PL wavelength is located at 1550.024,
1550.013, 1550.816, 1551.21, and 1550.72 nm. Δfrep of
the five cases are 8.5, 23.5, 54.9, 102.1, and 212 MHz,
correspondingly. We also note that Δfrep could be even
higher, up to several GHz, but once Δfrep is higher than
300 MHz, the limited ΔfPB may cause beat aliasing in the
rf domain. Since the repetition rates and pulse periods are
related to the group refractive index of the PL and BL
mode, the specific PL-BL mode pair for the above 5 cases
are varied. Δfrep of the five cases are confirmed by the
pulse periods obtained from the FROG measurements, as
Fig. 3(b) shows. The pulse periods of the PL solitons are
8.9532, 8.9491, 8.9588, 8.9549, and 8.9423 ps; meanwhile
the pulse periods of the BL solitons are 8.9539, 8.9473,
8.9549, 8.9468, and 8.9591 ps. We note that in our
microsphere geometry supporting more than 100 transverse
mode families, to accurately identify the specific mode-to-
mode pairs is difficult, but high-density mode distribution
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FIG. 2. The co-generated dual soliton. (a) Optical spectra, top
and bottom panels: PL- and BL-generated single soliton.
(b) FROG maps corresponding to (a). Grey curves show the
autocorrelation traces of the two pulse trains. Color bar: nor-
malized pulse intensity. (c) Top panel: Dual-soliton beat note in
the rf domain. Central frequency of the electrical comb is
10.4802 GHz, determined by ΔfPB. The electrical comb line
spacing equals to Δfrep ¼ 8.5 MHz. Bottom panels show the
enlarged spectra of the pump-Brillouin laser beat note (at
10.4802 GHz) and the first-order comb line pair beat note (at
10.4887 GHz).
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still offers a unique chance to find diverse dual-soliton
combinations, which enables the Δfrep of a dual-comb tool
to be switchable.
This over-modal nature not only supports switchable

dual-soliton beat notes, but also provides a possibility of
cascaded BL generation if there are 3 or more resonances
with a uniform spacing of ≈10.48 GHz and sufficiently
high Q factors. Once all modes exhibit anomalous
dispersion, > 2 soliton multiplexing can be realized in
the single microresonator, by carefully selecting the pump-
ing mode and combining the comb outputs from both the
CW and the CCW directions. Such an operation further
enriches the diversity of the microcomb device.
In the experiments, the multiplexed microcombs are

collected from both the CW and CCW directions through a
fiber coupler. The spectra around the pump laser wave-
length are shown in Fig. 4(a). From top to bottom, we
excite 1, 2, 3, and 4 BLs by carefully tuning the wavelength
of a single PL. Each Brillouin excitation is driven by the
optical signal ∼10.48 GHz above it and belongs to a
distinct mode family. These lasers travel in opposite
directions one by one, for example, the PL propagates in
the CCW direction, while the 1st, 2nd, 3rd, and 4th order
BL go in CW, CCW, CW, and CCW directions, respec-
tively. All the Brillouin lasers are capable of generating
Kerr combs in principle. Figure 4(b) demonstrates the
optical spectra of 2, 3, 4, and 5 Kerr comb multiplexing,
from top to bottom. The rf spectrum of the comb states in
the 0–400 MHz band is shown in Fig. 4(c). Among the
four comb states, state i, ii, and iv feature low noise.
Nevertheless, we do not claim that every comb here is in the
single soliton state, because the mixed measurement of
interferogram for 5 comb multiplexing needs > 40 GHz
bandwidth in heterodyne characterization, and the mixed
temporal trace of them is too complex to be well distin-
guished. For case iii, the rf noise is high, meaning there is at
least one chaotic comb inside.
Taking advantage of the propagating direction difference

of the intracavity frequency combs, we can easily measure
the two-comb interferograms, by further down mixing the
beat notes electrically using a 10 GHz sinusoidal signal.
From top to bottom, Fig. 4(d) plots the temporal traces of
several dual-comb pairs. Here the colored arrows present
the comb circulating directions, corresponding to Fig. 4(a).
For instance, in case i, both the CCW comb (driven by the
PL) and the CW comb (driven by the first order BL) are in a
single soliton state, temporal delay per round-trip of them is
117.65 ns (Δfrep ¼ 8.5 MHz, see Fig. 2), as the blue curve
plots. In case ii, the CCW circulating comb driven by the
PL is a single soliton, but there are four solitons in the CCW
circulating comb driven by the second order BL, we see
thus each cluster has 4 pulses in the down-mixed signal. In
case iii, we know the CCW circulating comb driven by the
PL is a single soliton (it appears first), and the copropagat-
ing dual-comb interference delivers equidistant pulse train

(period 12 ns, Δfrep ¼ 83.3 MHz). We speculate that the
comb generated by the 2nd BL is also a single soliton.
On the other hand, the interferogram in the CW direction
demonstrates chaotic features, suggesting that there is at least
a noisy comb in the CW direction. Finally, in case iv, we
observe 5 pulses in each cluster. The versatile dual-comb
signal collected fromeither the “CW”or the “CCW”direction
of such a multiplexed comb system offers a flexible tool for
advanced applications such as optical frequency domain
reflectometers [42,43] and vernier spectrometers [44,45].
In summary, by using a single PL and its stimulated BL

excitations, in situ generation and spatial multiplexing of
soliton microcombs in a single over-modal microresonator
are demonstrated. Via tuning the PL frequency, both
forwardly and backwardly circulating Kerr solitons could

(a)

1549.4 1549.8 1550.2 1550.6

PL+BL

PL+2BL

PL+3BL

PL+4BL

Wavelength (nm)

O
p�

ca
l p

ow
er

 (2
0 

dB
m

/d
iv

)

i

ii

iii

iv

Dual comb

Triple comb

Quadra comb

1545 1550 1555

Penta comb

Wavelength (nm)

O
p�

ca
l p

ow
er

 (2
0 

dB
m

/d
iv

)

i

ii

iii

iv

(b)

0 50 100 150 200

+ in i
+ in ii
+ in iii

+ in iii
+ in iv

Time (ns)

In
te

ns
ity

 
(a

rb
. u

ni
ts

)

-160

-130

-100

0 100 200 300 400

i ii
iii iv

Frequency (MHz)

Be
at

no
te

 (d
B)

(c)

(d)

FIG. 4. Microcombs multiplexing using cascaded Brillouin
lasers. (a) Single PL generates cascaded BLs in distinct mode
families, from i to iv, up to 4 BLs are generated. Colored arrows:
PL and cascaded BLs. (b) Co-excitation of multicomb in a
single microresonator. From i to iv, in every bunch one can see
2–5 comb lines. The equally distributed line-to-line spacing is
determined by the ΔfPB. (c) Measured rf spectrum (0–400 MHz)
of case i to iv. (d) Dual-comb interferograms in case i to iv. In the
dual-soliton heterodyne, stable pulse clusters demonstrate a
stable Δfrep.

PHYSICAL REVIEW LETTERS 130, 153802 (2023)

153802-4



be simultaneously excited. These two solitons have excellent
mutual coherence, with an optical frequency offset of
∼10.48 GHz, offering a scheme to realize dual comb
interferometry conveniently. Careful mode selection enables
the repetition rate difference of a dual-comb pair to be
flexibly switchable, in a range of 8.5 to 212 MHz, exper-
imentally. Moreover, we demonstrate that the BL generation
could be cascaded, suggesting a way to co-generate up to 5
space-multiplexing frequency combs in varied mode fami-
lies. This practically flexible and easily scalable method
helps to improve our understanding about Brillouin-Kerr
nonlinear interactions in microcavities, and inspires the
simplification and integration of microcomb systems. It
may show unique potential to extend the capabilities of
microcomb interferometry based platforms in wide applica-
tions such as metrology, spectroscopy, and LiDAR.
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