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Dual-comb interferometry is based on self-heterodyning two optical frequency combs, with correspond-
ing mapping of the optical spectrum into the radio-frequency domain. The dual comb enables diverse
applications, including metrology, fast high-precision spectroscopy with high signal-to-noise ratio, dis-
tance ranging, and coherent optical communications. However, current dual-frequency-comb systems are
designed for research applications and typically rely on scientific equipment and bulky mode-locked lasers.
Here we demonstrate a fully integrated power-efficient dual-microcomb source that is electrically driven
and allows turnkey operation. Our implementation uses commercially available components, including
distributed-feedback and Fabry-Perot laser diodes, and silicon-nitride photonic circuits with microres-
onators fabricated in commercial multiproject wafer runs. Our devices are therefore unique in terms of
size, weight, power consumption, and cost. Laser-diode self-injection locking relaxes the requirements
on microresonator spectral purity and Q factor, so that we can generate soliton microcombs resilient to
thermal frequency drift and with pump-to-comb sideband efficiency of up to 40% at mW power levels.
We demonstrate down-conversion of the optical spectrum from 1400 to 1700 nm into the radio-frequency
domain, which is valuable for fast wide-band Fourier spectroscopy, which was previously not available
with chip-scale devices. Our findings pave the way for further integration of miniature microcomb-based
sensors and devices for high-volume applications, thus opening up the prospect of innovative products
that redefine the market of industrial and consumer mobile and wearable devices and sensors.
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I. INTRODUCTION

Over the past few decades, optical frequency combs
have become a versatile tool for addressing scientific and
technical challenges [1–3]. One of the most promising and
widely employed applications is the use of a double (or
dual) optical comb for the efficient transfer of signals from
the optical domain into the rf range, thus greatly sim-
plifying data acquisition and subsequent processing. For
instance, dual-comb spectroscopy is a remarkable form
of Fourier spectroscopy, enabling ultrafast measurement
of broadband optical absorption spectra that provide fin-
gerprints of specific materials or their quantity in the
sample using a single photodetector, without the need
for moving components, and only a few basic optical
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components [4–9]. The basic idea of the dual-comb tech-
nique is to combine two coherent optical frequency combs
with shifted pump lines (f1,f2) and slightly different line
spacing in the frequency domain (frep1,frep2) [Fig. 1(a)].
Thereby, the optical spectrum of the combs transmitted
through the matter is down-converted at the photodetector
into the rf band for measurement. The resulting signal is
a rf frequency comb with δ = |frep 1 − frep 2| line spacing,
a central line located at � = |f1 − f2|, and line amplitudes
uniquely defined by the corresponding lines of the optical
combs. These characteristics make dual-comb techniques
highly attractive for myriad practical applications, such
as ultrabroadband near-IR spectroscopy [10,11], near-field
microscopy for subwavelength spatial resolution [12,13],
precision metrology of molecular-line center frequen-
cies [14], greenhouse-gas monitoring [15–17], combustion
diagnosis [18], and distance ranging (LIDAR) [19–23].

There exist a number of rapidly developing approaches
for implementing dual-comb techniques. Various dual-
comb systems are based on conventional fiber mode-locked
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FIG. 1. Principle of the hybrid integrated dual-microcomb source. (a) Sketch of the experimental setup illustrating integrated
dual-comb signal generation based on the two separate soliton microcomb sources (marked with green and blue rectangles): LD, semi-
conductor laser diode; SiN, photonic chip with high-Q silicon nitride microresonator; TC and CC, temperature and current controllers;
FPD, fast photodetector; OSA, optical spectrum analyzer; ESA, electrical spectrum analyzer. (b) Photograph of the portable turnkey
dual-comb source comprising two standalone matched integrated soliton microcomb sources. (c) Interior view of the assembled micro-
comb source: the glued photonic chip butt coupled to the laser diode and the output lensed fiber. (d) Evolution of the experimentally
observed dual-comb signal based on two matched soliton microcombs during the search for the operating point. Demonstration of
the dual-comb signal transition from a noisy (area I) to a soliton state (area II) by fine tuning the LD current. (e) Various concepts of
dual-comb spectrometers: two separate microcomb-generating photonic chips pumped with two LDs; single photonic chip generating
two microcombs pumped with two LDs; and single photonic chip generating two microcombs pumped with a single LD. FPGA is a
field-programmable gate array.

lasers (MLLs) [24–27]. The use of mode-locked inte-
grated external-cavity surface-emitting lasers (MIXSELs)
potentially allows dual-comb signal generation with a sin-
gle cavity, exploiting different polarization states [28,29].
Hybrid THz dual-comb spectrometers based on quan-
tum cascade lasers (QCLs) [30] and coherently averaged
dual-comb spectrometers [31] demonstrated fast and high-
accuracy spectroscopy measurements in the midwave-
length infrared (MWIR) and long-wavelength infrared
(LWIR) ranges. These results have been obtained in labo-
ratory settings, which means that many of these dual-comb
systems are only partially integrated and rather bulky
and complicated, requiring a range of auxiliary equip-
ment and technical expertise. As a consequence, they
are not suitable for industrial and consumer applications,
despite outstanding performance in laboratory environ-
ments. Therefore, integration and device miniaturization
are pressing issues that need to be addressed before any of

the approaches can be utilized in industrial-grade devices.
Fully integrated dual-comb systems hold the promise to
unlock major applications, including airborne and space-
borne sensors, distance ranging with unprecedented speed
and resolution, and compact spectroscopy sensors. In turn,
such devices could become a core technology for con-
sumer and wearable applications, including noninvasive
spectroscopic sensors.

The most promising platform for a fully integrated
dual-comb source is silicon-based integrated photonics. In
recent years, this platform has experienced major advances
and reached considerable maturity [32–34]. Today, the
performance of low-loss silicon-based photonic systems
has become comparable with that of free-space optic sys-
tems. In addition, high-level compatibility with CMOS
fabrication processes [35–37] and also with the III-V
semiconductor platform [38–40] have been demonstrated.
Recent progress in silicon photonics, combined with the
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self-injection locking (SIL) effect [41–49], enabled optical
microcomb generation using semiconductor laser diodes
(LDs) instead of bulky narrow-linewidth lasers, thereby
greatly simplifying the process of microcomb genera-
tion and paving the way for the development of fully
integrated chip-scale single microcomb sources based
on high-Q microresonators (MRs) [38,39,50–52]. Proof-
of-concept experiments based on passive high-Q MRs
achieved broadband optical spectrum down-conversion to
the rf range, generating ultrawide frequency combs with
widely variable (from GHz to THz) line spacing in the
near-infrared (NIR), SWIR, and visible-wavelength ranges
in bulk and on-chip structures [53–63]. Also, the recently
demonstrated scanning dual-comb spectroscopy (SDCS)
technique allows additionally the resolution of spectro-
scopic systems to be increased based on high-Q MRs [58].

Here, we report a feasibility study of dual-comb integra-
tion and introduce the hybrid integrated dual-microcomb
source for the SWIR range based on commercially avail-
able low-cost components [Figs. 1(b) and 1(c)]. With
the assembled prototype we successfully down-convert
a 300-nm-wide optical spectrum to a 600-MHz-wide rf
signal. Our findings establish that electrically driven soli-
ton microcombs comprising integrated SiN high-Q MRs
combined with SIL semiconductor LDs [Fig. 1(a)] are
a promising technology platform for highly integrated
energy-efficient dual-comb sources covering wide spec-
tral ranges. Specifically, we demonstrate that SIL provides
up to 40% pump-to-comb sideband conversion efficiency
(ηp2c) for bright solitons. In the light of such a high con-
version value we consider in detail the ηp2c efficiency of
SIL-enabled generation of bright dissipative Kerr solitons
in photonic chip-based microresonators, and its depen-
dence on key parameters. In this way we find that SIL
relaxes the requirements on MR properties such as Q fac-
tor, spectral purity, the number of mode crossings, the
width of a so-called “soliton step,” making it possible
to generate microcombs with the majority of commercial
photonic chip-based MRs featuring moderate Q factors.
SIL greatly facilitates tuning to the soliton regime, due to
the compensation of the thermal effects inevitable in sys-
tems where a free-running laser is used as a pump source.
Consequently, SIL enables soliton microcomb generation
in cases where it is otherwise not possible with optically
isolated external-cavity diode lasers (ECDLs).

The here-presented prototype of the integrated dual-
microcomb source, based on laser diode self-injection
locked to a microresonator, combined all the bene-
fits of Fourier-transform infrared broadband spectroscopy
in a chip-scale spectroscopic sensor and looks promis-
ing as a platform for future mobile and wearable
devices. The demonstrated versatile approach to dual-
microcomb source integration provides various design
options [Fig. 1(e)], offering interesting perspectives in
terms of device miniaturization and performance, in

particular, with a view to broadband infrared dual-comb
sensors for high-volume applications. With further inte-
gration, there is a clear route to satisfying the so-called
SWaP-C (size, weight, power and cost) requirements that
are extremely important for industrial, airborne, space, and
consumer applications.

II. RESULTS

A. Hybrid integrated platform for optical
dual-microcomb source

Our hybrid integrated dual-microcomb source com-
prises specially matched (see Methods and Note S1 within
the Supplemental Material [64]) microcomb sources. Each
consists of a thermally stabilized SiN photonic chip with a
high-Q MR, a butt-coupled semiconductor LD, and an out-
put lensed fiber [Fig. 1(a)–1(c)]. This versatile approach
enables fast prototyping by testing different photonic chip
designs and various types of LDs.

The MRs based on CMOS-compatible SiN photonic
chips that we use in our experiments are fabricated in
commercial multiproject wafer (MPW) runs. We use two
sets of chips with MRs of two diameters, corresponding to
approximately 150 GHz and to approximately 1-THz free
spectral range (FSR) with integrated microheaters enabling
grid matching of the eigenfrequencies of different MRs by
tuning their FSR (spacing between fundamental modes in
the frequency domain) [65,66]. Also, each chip has edge
waveguide couplers, ensuring insertion losses as low as
−1.1 dB on both sides of a chip for coupling light in and
out.

Fabry-Perot (FP) and distributed feedback (DFB) laser
diodes are used for experiments and are compared in terms
of performance for microcomb generation (see Methods
and Note S2 within the Supplemental Material [64]). FP
diodes have a single spatial mode, 35-GHz longitudinal
mode spacing, 1535-nm central wavelength, and approx-
imately 200-mW optical power at 500 mA of injection
current. DFB diodes have 1545-nm wavelength and optical
power of approximately 100 mW at 400 mA.

During the experiment we simultaneously monitor the
optical spectra of the microcombs and the resulting rf dual-
comb signal using an optical spectrum analyzer (OSA)
and an electrical spectrum analyzer (ESA). Owing to
the SIL effect, the assembled microcomb sources offer
reproducible turnkey operation, allowing generation of the
microcomb with the same envelope for fixed setup time
after time. This kind of turnkey operation was described
in Ref. [50] and also demonstrated in Ref. [67]. The
spectrogram presented in Fig. 1(d) shows dual-comb sig-
nal evolution while selecting the turnkey operating point
by slow manual tuning of the LD injection current.
Away from the operating point, the optical spectrum con-
sists of one coherent soliton microcomb and one chaotic
noncoherent microcomb (MI state). The heterodyne
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beatnote signal of this state is noisy [regime I in Fig. 1(d)].
When the LD-current value reaches the operating point, the
system locks to the state with both soliton microcombs,
featuring high mutual coherence and low-noise rf beat-
notes of the optical components [regime II in Fig. 1(d)].
The SIL mechanism compensates thermal effects and the
microcomb sources lock to the comb states without addi-
tional manipulations, which are inevitable when pumping
with a free-running laser. At the operating point, our dual-
microcomb source quickly transits to a coherent state.
However, it should be noted that due to the independent
thermal stabilization of the two photonic chips, a relative
thermal drift of the rf beat frequencies, up to 100 MHz,
arises for observation periods exceeding several minutes.
Nevertheless, there is no change of the rf microcomb
envelope in time, since the detuning is fixed due to the SIL.

B. Highly efficient soliton microcombs for
dual-microcomb source

Current technology used in the fabrication of high-Q
silicon nitride MRs, especially for commercially avail-
able runs, does not guarantee Q factors higher than one
million and a spectral purity of MRs sufficient high for
sustainable soliton microcomb generation using external
pumping with single-frequency narrow-linewidth lasers.

The procedure of soliton comb excitation by means of
an external pump using ECDL requires accessible soliton
steps and is complicated by the need for additional equip-
ment to achieve a high tuning rate and to overcome thermal
instabilities [68]. We note that in our experiments only
high-FSR MRs (FSR = 1 THz) provide easily accessible
soliton steps and support soliton generation using ECDL.

We are not able to observe soliton generation with
150-GHz MRs using the external amplified ECDL pro-
viding more than 150 mW of in-chip pump power. This
power level is more than 10 times higher than the paramet-
ric instability threshold, corresponding to the normalized
pump amplitude f = √

Ppump/Pth > 3, where Ppump is the
optical power of the amplified ECDL reduced by losses
for the butt coupling of the lensed fiber with the chip
(power in the bus waveguide) and Pth is the nonlinearity
threshold power [68]. Apparently, the influence of thermal
processes, high-order dispersion [Fig. 3(a)] and avoided
mode-crossing points shortens a soliton step and makes it
inaccessible [see Fig. 2(b)] [69–74].

However, the fully integrated SIL scheme [Fig. 2(c)]
provides outstanding turnkey operation without any addi-
tional equipment. The same MR pumped by the self-
injection locked LD allows clear observation of a soli-
ton step in the locked state, even for f ∼ 1.6 [Fig. 2(d)
and 2(e)]. Indeed, most of the thermal effects are

(a) (c)

(d)(b)

(e)

FIG. 2. Soliton microcomb generation using self-injection-locked laser-diode pumping in the case of an inaccessible conventional
soliton step. (a) Photograph of the silicon nitride photonic chip used in the experiment. (b) Nonlinear-resonance shape for the different
pump powers of the external optically isolated laser, demonstrating inaccessibility of the conventional soliton step. The measured
nonlinear threshold of this microresonator is approximately 13 mW. (c) Photograph of the assembled prototype of the microcomb
source, based on the same photonic chip pumped with a butt-coupled Fabry-Perot laser diode. Inset: inside view the prototype. (d)
Nonlinear-resonance shape for 35-mW pump power for the same resonance shown in (b) for the case of the self-injection locking
effect (laser-diode pumping). The area where the soliton exists is highlighted in green color. (e) Output of the microcomb source
(blue line) and theoretically predicted envelope of the single soliton state microcomb spectrum (green line) based on the measured
microresonator parameters (see Note S4 within the Supplemental Material [64]). Left inset: rf spectrum of the output signal. Right
inset: beatnote signal of the generated microcomb line and a Toptica CTL-1550 tunable laser recorded with a resolution bandwidth
(RBW) of 10 kHz (blue points), together with a Voigt-profile fit (red line) with 0.5- and 68-kHz Lorentzian and Gaussian widths,
respectively.
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FIG. 3. High-power and broadband microcombs in 150-GHz and 1-THz microresonators. (a),(c) Measured and fitted anomalous
dispersion landscape in a Si3N4 microresonator with FSR = 143.6 and 999.8 GHz, and estimated second-order dispersion coefficient
D2/2π ≈ 1.38 and ≈ 14.3 MHz, respectively. (b),(d) Optical spectra of generated high-power microcomb with approximately 150
GHz (b) and approximately 1 THz (d) repetition rate (blue lines) and values of key parameters: total comb power (Pcomb), laser diode
power (Ppump), the power of the microcomb central line (pump line) (Ppump line), and pump-to-comb sideband conversion efficiency
(ηp2c). Theoretically predicted envelope for corresponding microcombs based on measured microresonator parameters (see Note S4
within the Supplemental Material [64]) for single-soliton state (green line) and multisoliton state (purple line). (e),(f) Experimentally
measured resonances in the linear regime (blue line) and loaded Lorentzian profile fits (red dashed line) for approximately 150 GHz
(e) and approximately 1 THz (f) microresonators. The estimated intrinsic loss (κ0), coupling rate (κc), and backward-wave coupling
rate (γ ) correspond to a coupling coefficient η = 0.42 and 0.59, and Q factor approximately 1.8 × 106 and approximately 1 × 106 for
150-GHz and 1-THz microresonators, respectively.

suppressed as the laser frequency is locked to the MR
and the laser-microresonator detuning ζeff is fixed. If the
MR frequency fluctuates due to the thermal effects, the
generation frequency also changes, keeping the comb-
generation regime stable [75]. In the SIL regime the
laser-microresonator detuning becomes fixed to the value
ζ 0

eff ≈ −3(f 2/2)1/3 + (f 2/2)−1/3 (for small backscattering
and f > 1), which lies inside the soliton-generation region
ζeff ∈ [−π2f 2/8; −3(f 2/4)1/3 + (f 2/4)−1/3/4] [76–78]
(see Note S3 within the Supplemental Material [64]).

In addition, the detuning control is much more robust in
the SIL regime as the effective detuning does not change
while the LD is tuned within the locking range. More pre-
cisely, the speed of the laser-frequency tuning is effectively
reduced by the factor of the stabilization coefficient K0 (see
Note S3 within the Supplemental Material [64]).

The assembled prototype works as a turnkey device, and
thereby greatly simplifies the process of comb generation
and significantly improves its stability. Once calibrated
to define the operating point, this device can generate
microcombs immediately after being turned on.

Microcomb spectra and the microresonator parameters
are shown in Fig. 3. Notably, there are no optical elements
filtering the pump line. Despite the moderate Q factor
(approximately 106), the generated combs are broadband.

The spectrum width of the microcombs with 1-THz line
spacing reaches 500 nm, with 20 lines of power > −20
dBm. The width of the 150-GHz microcomb spectrum
exceeds 200 nm, with 30 lines of power > −20 dBm.
The generated microcombs also feature high optical power
per line and therefore a high signal-to-noise ratio, and
demonstrates high pump-to-comb sideband power con-
version efficiency (ηp2c). The latter can be expressed as
ηp2c = (Pcomb − Ppump line)/Ppump, where Pcomb is the total
generated microcomb power in the output fiber, Ppump line
is the power of the microcomb central line (pump line)
in the output fiber, and Ppump is the optical power of
the free-running laser diode for the same injection cur-
rent value reduced by the coupling losses (power in the
bus waveguide). For the 150-GHz microcomb, Pcomb ≈ 20
mW, Ppump line ≈ 11 mW, and Ppump ≈ 35 mW; for the
1-THz microcomb, Pcomb ≈ 20 mW, Ppump line ≈ 3 mW,
and Ppump ≈ 40 mW. Evaluated ηp2c efficiency values for
the 150-GHz and 1-THz FSR microcombs are 25% and
40%, respectively. Before this work, comparable efficiency
has been demonstrated for the generation of dark micro-
combs only [79,80]. The high efficiencies obtained are in
a good agreement with our estimates (see Note S4 within
the Supplemental Material [64]) and are compatible with
Ref. [81,82].

034068-5



NIKITA YU. DMITRIEV et al. PHYS. REV. APPLIED 18, 034068 (2022)

C. Spectral characteristics of dual-microcomb source

Combined microcomb optical spectra and the result-
ing rf dual-microcomb signals are shown in Figs. 4(a),
4(d), 4(g) and in Figs. 4(b), 4(c), 4(e), 4(f), 4(h), 4(i),
respectively. Insets in the bottom row give information
about the linewidth of the lines of the generated dual-
microcomb signal, estimated with Voigt-profile fits (WL is
the Lorentzian linewidth and WG the Gaussian linewidth).
With 1-THz FSR microresonators we successfully down-
convert approximately 300-nm-wide optical spectra to
600-MHz-wide spectra in the rf range [Figs. 4(a)–4(f)];
with 150-GHz FSR microresonators we achieve down-
conversion from approximately 100 nm to 800 MHz
[Figs. 4(g)–4(i)].

By applying voltage to the microheaters we can adjust
the microresonator temperature and thereby control the

microcomb line spacing. One optical microcomb can
be shifted relatively to the other to control the dual-
microcomb signal, changing its central line position �

and repetition rate δ. This capability is illustrated in
Figs. 4(a)–4(f). These two dual-microcomb signals are
observed for the same pair of MRs, and using microheaters
we change the central-frequency difference � from 7.93 to
1.70 GHz.

Verification of the measurement data is conducted by
comparing the experimental data with the theoretically
predicted beatnote signal of the two combined optical
microcombs. Knowing the MR parameters, including dis-
persion profile, and with the measured optical frequency
combs, we can calculate the expected dual-comb spectrum
profile in the rf domain. These simulated dual-microcomb
spectra are shown as gray lines in Figs. 4(c), 4(f), 4(i).

7.93

Frequency (THz)
213.6 206.2 199.3 199.3192.9 186.9 181.2

Frequency (THz) Frequency (THz)
213.6 206.2 199.3 196.7 194.1 191.7 189.2 186.9192.9 186.9 181.2

GHz
1.70
GHz

14.06
GHz

18 WL = 1.3 kHz
WG = 168.4 kHz

WL = 4.9 kHz
WG = 246.2 kHz

WL = 15.9 kHz
WG = 69.6 kHz

δδδ

MHz
95

MHz
20

MHz

Δ Δ Δ

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

FIG. 4. Dual-microcomb signals. Top row: optical spectra of the generated microcombs that are combined for dual-microcomb
signal generation. Inset: enlargement of the central line area, with the distance between them (�) indicated. Bottom row: the dual-
microcomb signal is a rf comb with central line at � and repetition rate δ = |frep1 − frep2|, where frepi are the repetition rates of the
combined optical combs. The top full-span spectrum (from 0 to 15 GHz) demonstrates the absence of low-frequency noise, showing
a strong dual-microcomb signal. The bottom spectrum is an enlargement of the central (frequency, �) dual-microcomb signal area.
The red line is the experimentally observed signal and the gray line the predicted signal based on the optical spectra above. Inset:
estimation of the rf-comb linewidth from a Voigt-profile fit. (a),(b),(c) Dual-comb signal obtained by combining two optical frequency
combs with frep1 ∼ frep2 ∼ 1 THz and δ = |frep1 − frep2| ≈ 20 MHz. The distance between the pump lines of the optical microcombs is
� = 7.93 GHz. (d),(e),(f) Dual-microcomb signal obtained by combining two optical frequency combs with repetition rates frep1 ∼ 1
THz, frep2 ∼ 2 THz, and δ = |2frep1 − frep2| ≈ 95 MHz. The distance between the pump lines of the optical microcombs is � = 1.70
GHz. (g),(h),(i) Dual-microcomb signal obtained by combining two optical frequency combs with frep1 ∼ frep2 ∼ 150 GHz and δ =
|frep1 − frep2| ≈ 18 MHz. The distance between the pump lines of the optical microcombs is � = 14.06 GHz.
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III. DISCUSSION

We find that SIL relaxes the requirements on the
microresonator Q factor and its spectral purity, and makes
widely available microresonators commercially fabricated
in MPW run suitably for use in on-chip dual-microcomb
sources. Note that soliton-comb excitation with such
microresonators pumped by a tunable optically isolated
ECDL (not SIL) is unsuccessful, because the required soli-
ton steps could not be accessed [Fig. 2(b)]. We connect
this failure with the influence of the thermal processes,
high-order dispersion effects, and avoided mode-crossing
points, which makes the soliton step shorter and there-
fore inaccessible. In case of the SIL effect, the frequencies
of the laser diode and the microresonator are connected
and fluctuate in a correlated manner, resulting in micro-
comb generation with higher tolerance to thermal drift
[Fig. 2(d)].

The demonstrated pump-to-comb sideband conversion
efficiency of up to 40% can be explained by the matching
between Q factor and pump power, taking into account the
following considerations. First, the comb power does not
depend directly on the pump power (see Note S4 within the
Supplemental Material [64]). Although both the maximal
and the locked detunings do depend on the pump power,
these dependencies are weaker, and the pump-to-soliton
(and pump-to-comb sideband) power conversion efficiency
decreases with it. This creates the illusion that using a low-
power laser and reducing the threshold we can make a
highly energy-efficient device. However, the second point
is that the comb power does depend on the threshold power
of the parametric instability. Therefore, using the strat-
egy described above, we end up with a negligible output
signal. This brings us to the rather counterintuitive conclu-
sion that for best performance, the threshold power should
be increased (meaning lower Q factors or less nonlinear-
ity, for example) and matched with the used laser pump
power. This immediately brings up a trade-off problem, as
the lower Q factor means less stabilization and wider beat-
note or even the self-injection locking regime cannot be
reached at all. Another way to increase the pump-to-comb
sideband power conversion efficiency is increasing the
second-order dispersion coefficient. This presents, how-
ever, a trade-off problem for the comb width, which should
be solved separately for the desired application.

We also can see an additional mechanism to increase the
comb power (and subsequently the power efficiency). In
our system, multisoliton states can emerge; however, the
number of solitons has a maximum for a given dispersion
value [83] and the pump-to-comb sideband conversion effi-
ciency (ηp2c) also saturates with it (see Note S4 within
the Supplemental Material [64]). The multisoliton option
is realized for the 1-THz microresonator [see Fig. 3(d)],
where we find good correspondence of the measured spec-
trum with the theoretical prediction for three-soliton states

(the soliton positions are optimized to fit the data) for the
experimentally estimated parameters (f , D2, κ) and SIL
detuning value (ζ 0

eff). We note that while the form of the
spectrum is highly dependent on the intersoliton distances,
the total comb power (and the conversion efficiency) does
not. For the 150-GHz comb we see a slightly different pic-
ture. By increasing the number of solitons we are able to
match the total comb output power, but the comb envelope
at the sides show much smoother behavior than the mul-
tisoliton state can provide [see green curve in Fig. 3(b)].
At the same time, the comb power is too high for a single-
soliton state [see purple curve in Fig. 3(d)]. Such a comb
enhancement can be attributed to the comb-line ampli-
fication inside the active medium of the laser or so-far
unexplored effects of the multifrequency locking, while
the nonsmooth envelope near the pump—to the dispersion
distortions from the mode crossings [70].

A comparison of the semiconductor FP and DFB laser
diodes highlights the benefits of DFB in terms of pre-
dictable wavelength of locking and more convenient
matching of two combs, while the FP is much more pow-
erful and cheaper, and hence more promising with a view
to practical applications.

The early integrated dual-microcomb source prototype
presented here is still affected by the relative thermal drift
of the microresonators on the two separate photonic chips.
The amplitude of the thermal drift does not exceed 100
MHz and the typical time is about 2–3 min. Various design
options [Fig. 1(e)] could help to overcome the drift, paving
the way to more compact devices. A first improvement
could be the combination of the two microresonators on the
same photonic chip positioned on a common temperature-
stabilized substrate with two pumping laser diodes. This
option would simplify comb matching owing to small
fabrication errors for the two microresonators at close
distance, thus enhancing the stability of the dual-comb
beatnotes. The next improvement for higher stability and
smaller size is using the same microresonator for the gen-
eration of two soliton combs propagating in the same
or opposite directions along the ring, similarly as it was
demonstrated in Ref. [84] for optically isolated lasers. Two
laser diodes self-injection locked into the same microres-
onator provide the highest mutual coherence [85] and
generated microcombs would lead to dual-comb beatnotes
with the lowest phase noise. To reduce the number of com-
ponents that need to be aligned during the integration,
keeping small size and high stability, the design option
with just one laser diode and one photonic chip with
two microresonator could be considered. A laser diode
locked to one of the microresonators would provide the
first microcomb and the second resonator tuned relative to
the frequency of the locked laser would provide the second
one. The discussed design options based on the microcomb
generation using self-injection locking should improve the
performance of the integrated dual-microcomb source, and
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will be explored in future research. Though the obvious
evolution of the dual combs are single-chip devices, the
presented approach has obvious advantages as it allows
thermal cross-talk to be avoided, simplifying packaging
and tuning.

Taking into account recent advances of III-V heteroge-
neous integration with silicon-nitride photonic waveguides
[38], deeper integration of the proposed dual-microcomb
source can lead to reaching tiny chip-scale sizes. Also,
the demonstrated possibility to use FP laser diodes might
allow using just a gain section without an additional laser
cavity in future generations of the chip-based dual-comb
sources.

In conclusion, obtained results demonstrate that SIL
Kerr microcombs based on silicon photonics can success-
fully compete with other on-chip optical-comb sources
and outperform them owing to the unique combination of
power efficiency with mWs comb power, a wider spec-
trum, and low phase noise.
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APPENDIX A: SILICON-NITRIDE-CHIP
CHARACTERISATION

The SiN photonic chip-based microresonators used in
our experiments are fabricated by Ligentec SA, Switzer-
land. The pumped microresonator resonance is measured
using an external tunable laser Toptica CTL1550, and fit-
ted taking backscattering into account [86] to obtain the
intrinsic loss κ0, the coupling rate κc, and the backward-
wave coupling rate γ (mode splitting). Based on these data,

we evaluate the full resonance linewidth κ = κ0 + κc, the
pump coupling efficiency η = κc/κ , and the normalized
backscattering coefficient β = γ /κ .

For nonlinearity-threshold estimation the experimen-
tal setup with the external laser Toptica CTL1550 and
a booster NKT Photonics Koheras Boostik HP E15 is
used. Gradually increasing the pump power, we simulta-
neously monitor the optical spectrum and the resonance
shape using an OSA (Yokogawa AQ6370D) and an oscil-
loscope (Keysight DSO-X 3024A). First, we reach the
thermal nonlinearity threshold (PThermal

th ), where the reso-
nance shape becomes triangular. By further increasing the
pump power, we reach the parametric instability threshold
(Pth), accompanied by sideband generation.

Dispersion characteristics of microresonators are mea-
sured using the original experimental setup based on
the tunable laser Toptica CTL1550 and a calibrated
fiber Mach-Zehnder interferometer (MZI) with a FSR of
102 MHz.

The results obtained for the 150-GHz and 1-THz FSR
microresonators, respectively, are as follows: κ0/2π =
106 and 188 MHz, κc/2π = 75 and 269 MHz, γ /2π = 34
and 331 MHz, η = 0.42 and 0.59, Q factor = 1.8 × 106

and 1 × 106, Pth = 14 and 11 mW, Pthermal
th = 3.7 and 2.5

mW, D1/2π = 143.6 and 999.8 GHz, and D2/2π = 1.38
and 14.3 MHz.

APPENDIX B: MICROCOMB SOURCE

After chip characterization we successfully generate
microcombs with all available chips and compare the
reproducibility of their parameters (see Note S1 within the
Supplemental Material [64]). As a result, we match pho-
tonic chips for rf dual-microcomb signal generation and
define the operating points for all laser diodes and pho-
tonic chip pairs, which are used for the assembly process.
The operating point is defined by the following parameters:
laser-diode temperature, injection current, and microheater
voltage.

In addition, we compare two types of laser diodes, DFB
and FP (Seminex, USA), in terms of their suitability for
being used for microcomb generation (see Note S2 within
the Supplemental Material [64]).

We also estimate the linewidth of the microcomb com-
ponents using the heterodyne technique. The beatnote sig-
nal between the external laser and the microcomb line is
presented in the inset of Figs. 3(e), 3(f). The Lorentzian
width of the beatnote signal (estimated using a Voigt-
profile fit) is 0.5 kHz. The Gaussian width is about 68
kHz, which can be improved by further reduction of the
technical noises.
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