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Microcombs—generated by coherently pumping nonlinear

microresonators—have emerged as a state-of-the-art scheme at the chip

scale. Dual-comb spectroscopy (DCS) technology further takes advantage of

the miniature system, and has been demonstrated as a powerful tool for real-

time and broadband optical sampling ofmolecular spectra. Here, a novel soliton

dual-microcomb generation method by rapid frequency sweep and sideband

thermal compensation is put forward, and dual-microcomb optical spectra

range beyond 200-nm has been successfully demonstrated in two

microresonators with moderate quality factors. Compared to the dual-

microcomb with a weak thermal compensation effect, the demonstrated

dual-microcomb shows much lower-noise RF beat notes (<10 kHz) and

smaller Allan deviations (1.0 × 10–4 at 1 ms) by increasing sideband power.

Moreover, the dual-microcomb has been utilized in the gas absorption

detection of H12CN for demonstration with high signal-to-noise ratios

(SNRs) and fast acquisition rates. This work also lays a technical foundation

for other dual-microcomb applications of ranging and microwave photonics.
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Introduction

Optical frequency combs [1–3], as a revolutionary technology, have enabled

widespread applications in precision spectroscopy [4, 5], frequency metrology [6, 7],

communications [8], ranging [9, 10], and optical clocks [11, 12]. The past decade has

witnessed the development of chip-scale frequency comb sources utilizing the Kerr

nonlinearity in the high-quality-factor (high-Q) microresonators [13–19]. Realization of

dissipative Kerr single soliton with high coherent mode-locked state and smooth spectral

envelopes has further promoted the application value of microcombs, inspiring vast

researches on near-infrared (near-IR) and mid-IR domains with different dielectric

material platforms [20–25].

Dual-comb spectroscopy (DCS) [26–28] is a non-intrusive absorption spectroscopy

technique without any moving parts. By using two frequency combs with slightly different
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repetition rates, DCS technology could enable a mapping from

broadband optical molecular absorption spectra into the radio

frequency (RF) domain, which can be directly detected by a

photodetector (PD). Traditionally, DCS technology has been

conducted by mode-locked Ti: sapphire lasers [29, 30], fiber

lasers [31–33] and electro-optical (EO) frequency combs [34],

which require bulky table-top setups. DCS with microcombs

(dual-microcomb spectroscopy) has the capacity for

miniaturization and portability. Moreover, the large comb

teeth intervals ranging from several gigahertz (GHz) to even

above 1 THz enable a large repetition rate difference Δfrep,

corresponding to a fast response time for the RF beat notes

signals. Suh et al. [35] firstly demonstrated the dual-microcomb

spectroscopy in the near-IR domain with two silica disk

resonators and then it was then extended to the mid-IR

domain by Yu et al. [36] with two silicon microresonators.

Recently, Dual-microcomb spectroscopy continues to develop

with other material platforms like silicon nitride (Si3N4) [37] and

other technologies like interleaved difference-frequency-

generation [38]. In addition, microcavity-based EO-combs

[39] with thin-film lithium niobate technology have also been

used for DCS in the near-IR.

However, the simultaneous generation of dual-microcomb

with high coherence and miniaturized system is still challenging.

Dual-microcomb, consisting of two sets of free-running single

soliton microcomb, has a complex system and low relative

coherence due to the non-common mode noises from the

random drift of pump lasers and temperature variations of

two microresonators [35]. Therefore, an approach to ensure

high relative coherence by sharing the same pump laser will

be critical. Geng et al. [40] and Wang et al. [41] proposed a dual-

microcomb generation method by using the auxiliary laser

heating [42], in which two auxiliary lasers and other devices

like four erbium-doped fiber amplifiers (EDFAs) and four

circulators are still needed to balance out the cavity thermal

variation and keep the pump laser in the red-detuning regime.

Moreover, the Dual-microcomb generation by integrated

thermal tuning method [43] could drastically reduce

experimental complexity and maintain mutual coherence, but

the method has a higher requirement of Q value to overcome the

cavity thermal-optic effect.

In this work, a dual-microcomb generation method via the

combination of rapid frequency sweep with sideband thermal

compensation is introduced. In contrast to conventional

approaches, this novel scheme possesses a relatively simple

system and has a lower requirement on the Q values. The

sideband thermal compensation effect caused by a weak

modulation of the pump laser improves the mutual coherence,

leading to narrower RF beat notes linewidths of <10 kHz and

smaller Allan deviations of 1.0 × 10–4 at 1 ms. Furthermore, a

proof-of-principle gas absorption spectroscopy measurement of

H12CN by the dual-microcomb is performed. The fast acquisition

time of 10 μs could realize a mapping from a 5.4-THz optical

spectrum span into a 1.5-GHz RF bandwidth with 101.8 GHz

resolution without any coherent averaging. When further

equipped with field-programmable gate arrays and the

coherent averaging algorithm, it will also have the potential

for real-time and time-resolved spectral acquisition on

microsecond time scales.

Results and discussion

Soliton dual-microcomb generation

Figure 1A shows a simplified schematic of the experimental

setup for dual-microcomb spectroscopy, which is divided into a

pump unit, a dual-comb generation unit, and a gas detection unit,

respectively. The optical part of the pump unit contains a

continuous-wave (CW) pump laser at 1549.86 nm, a

suppressed-carrier single-sideband modulator (SC-SSBM), and

a phase modulator (PM). Then the pump is split into two paths,

followed by two EDFAs and two narrow-band (0.5 nm) optical

band-pass filters (BPF), and then coupled into two Si3N4

microring resonators (MRR), respectively. Si3N4 has been

proved to be a favorable platform benefiting from the ultra-

low linear loss, wide transparency windows, high nonlinear index

(n2 ~ 2.4 × 10−19 m2/W), and manageable optional group velocity

dispersion (GVD) by tailoring the waveguide geometry. The

waveguides of MRRs have the same cross-section of 800 nm ×

1600 nm to guarantee the anomalous GVD condition at

1549.86 nm. The radii of the two resonators are designed to

be the same as 221.15 μm, corresponding to a free spectral range

(FSR) of 101.8 GHz for the transverse magnetic (TM00) mode.

Due to the fabrication errors, the same radii introduce an FSR

offset of tens of MHz, which is suited for precise measurement

applications such as spectroscopy and ranging.

Figures 1B,C show the transmission spectra of the two soliton

modes in two MRRs. The full width at half maxima (FWHM)

linewidths can be extracted by fitting with Lorentzian lineshapes,

which are measured to be 183 and 167 MHz, corresponding to

moderate loaded Q factors of 1.05 million and 1.15 million,

respectively. To create a miniature and coherent dual-comb

system, both microcombs are necessarily generated by a

common pump laser, which means that the soliton modes of

two MRRs need to be aligned to the pump mode. Therefore,

thermo-electric coolers (TECs) were packaged beneath theMRRs

for coarsely tuning the resonance wavelength with a resolution of

0.01°C according to the thermo-optic effect. Figure 2A shows the

mode transmission spectra of MRR1 and MRR2 at low pump

power and different temperatures. The temperature of MRR2 is

firstly set to be 18.30°C to match the soliton mode with the pump

laser wavelength. Next, the effective control of the soliton mode

variation of MRR1 is shown by tuning the TEC temperature. As

the temperature is increased from 15 to 45°C, a resonance

wavelength red-shift can be observed from 1549.33 nm to
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1550.01 nm. Figure 2B depicts the relation between the chip

temperature and the resonance wavelength, with a linear fitting

slope dλ/dT of 0.0227 nm/K, which is consistent with the result

in Ref. [44]. Therefore, when the temperature of MRR1 is set at

35°C, the soliton modes of MRR1 and MRR2 and the pump laser

can achieve wavelength alignment.

As for the dual-microcomb generation, the method by

combining the rapid frequency sweep with the sideband

thermal compensation [45] is adopted. Compared to the

auxiliary laser heating and integrated thermal tuning methods,

this method shows a relatively simple system and a lower

requirement on the Q values, respectively, by overcoming the

thermal effect of the cavity and enlarging the “soliton existence

range”. Here, the soliton existence range is defined as the

frequency range that the pump laser can be swept without

losing the soliton microcombs. To be specific, a rapid voltage

ramp of 4–8 V through an arbitrary waveform generator (AWG)

is applied to the voltage-controlled oscillator (VCO) driving the

SSBM, corresponding to a rapid suppressed-carrier single-

sideband frequency scanning of approximately 2.08 GHz

within 75 ns from short to long wavelength. This rapid

scanning speed of 27.25 GHz/μs, close to the thermo-optic

response time of Si3N4 microresonators, could satisfy the

equilibrium condition of the single-soliton microcomb

generation. Then, an RF signal from the direct digital

synthesis (DDS) with power and frequency of 6 dBm and

1000 MHz, respectively, is modulated on the phase modulator

(PM) to generate an effective blue-shifted optical sideband,

which plays a vital role in the cavity thermal compensation

effect. As shown in Ref. [45], firstly, it could increase the

“soliton existence range” from more than one hundred MHz

to several GHz and reduce the pump power requirement.

Secondly, the blue-shifted sideband is located in the thermal

self-lock region, and could improve the soliton microcomb

existence time from 1 h to beyond 12 h. Third, the sideband

thermal compensation could effectively counteract thermo-

refractive noise and achieve enhanced repetition rate stability

and a decrease in the effective linewidth of the microcomb lines,

which is also important for dual-microcomb performance.

On-chip pump powers of about 688 mW (MRR1) and

800 mW (MRR2) are needed for dual-microcomb generation.

Then at the MRRs’ output, two microcombs are then sent to two

FIGURE 1
Experimental setup for dual-microcomb generation for spectroscopy. (A) Schematic of the experimental setup. SC-SSBM, suppressed-carrier
single-sideband modulator; VCO, voltage-controlled oscillator; AWG, arbitrary waveform generator; PM, phase modulator; DDS, direct digital
synthesis; BPF, band-pass filter; TEC, thermo-electric cooler; MRR, microring resonator; FBG, fiber Bragg grating; AOM, acousto-optic modulator;
PC, polarization controller; PD, photodetector; OSC, oscilloscope; (B,C) are transmission spectra and Lorentzian fits for Q-factors
measurements of two MRRs’ soliton modes, respectively.
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fiber-Bragg gratings (FBGs) to exclude the strong pump for

soliton outputs and monitoring. The calculated soliton

conversion efficiencies are about 0.65 and 0.58%, respectively.

Figure 3A illustrates the microcomb soliton powers evolution

process when the control signal to scan the pump laser

wavelength is applied. The soliton steps confirm that the

microcombs go through the chaotic state and finally stay in

the single-soliton state. There is a drift between the control signal

and the detected onset of chaos/soliton dynamics, which could be

possibly ascribed to the delayed response of the VCO. Figure 3B

shows the generated dual single-soliton microcombs spectra

spanning over 200 nm (25 THz). The spectra are well fitted by

the sech2 function and the 3 dB bandwidth of the spectrum is

around 40.5 nm, corresponding to a Fourier-transform-limited

pulse duration of 62 fs.

Due to the thermal compensation effect [46], the modulated

blue detuned pump sideband can stay in the thermal self-lock

region and help mitigate the resonance frequency shift caused by

the environmental thermal variation. Therefore, the dual-

microcomb could stably stay for several hours with no active

locking technique used in experiments. Figure 3D shows the

optical spectrum evolution map over 2.5 h between 1635.8 nm

and 1637 nm. The spectra range is selected because the small

repetition difference of tens of MHz cannot be directly

distinguished at the spectrum center location with the

spectrometer resolution of 0.02 nm. The comb line spacing

determines the resolution of the dual-microcomb spectroscopy

and the repetition rate difference is relevant to the spectroscopy

acquisition speed. The repetition rate measurements are

conducted by linear fitting the spectrum data obtained from

the high precision spectrometer with a resolution of 0.04 p.m. As

shown in Figure 3C, the two fits give estimations of the

microcomb line spacings of 101.7424 and 101.7707 GHz for

Comb1 and Comb2, respectively. Therefore, the repetition rate

difference is obtained to be about 28.3 MHz, which indicates that

a series of down-converting RF lines will arrange at this interval

in DCS detection.

Radio frequency beat notes
characterization

In order to have a better understanding of the repetition rate

difference performance, the first red-detuned pair (around

1550.68 nm) of the comb teeth with respect to the pump is

filtered out and detected by a PD. It is found that the repetition

rate difference has a variation of approximately 1 MHz centered

at 28 MHz at different pump powers. As demonstrated in Ref.

[45], the modulated sideband plays a significant role in thermal

compensation, which can effectively counteract thermo-

refractive noise and achieve enhanced repetition rate stability.

Hence, a better repetition rate difference beat note stability of the

dual-microcomb is also predictable. For demonstration, the

repetition rate difference characterization is compared with

two different RF modulation powers of 0 dBm and 6 dBm,

respectively in Figure 4. The dual-microcomb with RF power

of 0 dBm is acquired by slowly tuning the pump laser wavelength

while reducing the RF power from 6 dBm to 0 dBm.

Unfortunately, one of the dual-microcomb collapses due to

the decreased “soliton existence range” when the RF power is

further decreased, though it can be realized in the single

microcomb system. Therefore, a complete free-running dual-

comb without the modulated sideband is not realized. The dual-

microcomb with the 0-dBm modulation signal also has a shorter

soliton existence time of about only several minutes, which is far

less than that with modulation signal power of 6 dBm. Moreover,

when the RF modulation power is increased beyond 6 dBm, the

sideband power would exceed the parametric oscillation

FIGURE 2
(A) Transmission of the two different soliton modes at low
power and different temperatures. (B) Dependence of the
resonance wavelength on the chip temperature and a linear fit.
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threshold (measured about 70 mW) and hinder the single soliton

generation.

Figure 4A shows the measurements of the repetition rate

difference drift within 5 min through a frequency counter at 1 ms

gate time. The blue points represent the signal of the weakly

modulated sideband, which has a jittering scope of about

700 kHz and a standard deviation (SD) of 107 kHz. The dual-

microcomb with a higher modulated sideband power has a much

less frequency drifting range of about 200 kHz and a SD of

35.4 kHz. Allan deviations have also been calculated in Figure 4C,

which are subject to the environment temperature fluctuation

and pump laser frequency drift in the free-running system. The

instability is 3.1 × 10−4 at 1 ms for the dual-microcomb with

lower RF modulation power, while there is a threefold decrease

(1.0 × 10−4 at 1 ms) by injecting stronger sideband power due to

the enhanced microcomb repetition rate stability, which is close

to the stability in the Ref. [47]. It is also found that the Allan

deviations would have a declining trend beyond 1 s integration

time, which may be caused by the thermal compensation effect

that reduces the long-time relative drift between the dual-

microcomb.

The soliton mode-locked dual-microcomb has repetition rate

difference beat notes with 3-dB linewidths of about 20 kHz and

less than 10 kHz for RF modulation signals of 0 dBm and 6 dBm,

respectively (Figure 4B). The stronger sideband power with

narrower beat note (<10 kHz) guarantees a longer relative

coherence time (τrel � 1/(10 kHz) � 100 μs), which means that

a longer time-domain signal sequence can be acquired from the

oscilloscope (OSC). Note that the high relative coherence of the

dual-microcomb comes from the same low-noise pump laser and

the effective sideband thermal compensation effect, although the

combs are free-running.

Time-domain interferogram

Next, a simple demonstration for the dual-microcomb

spectroscopy application is conducted in experiments. Owing

that the dual-microcomb shares the same pump laser, the down-

converted RF spectrum of the left and right wings of the optical

spectrum would be mixed up and cannot be distinguished.

Therefore, as shown in Figure 1A, one of the microcombs at

the dual-comb generation unit is sent to an acousto-optic

modulator (AOM) to shift the spectrum of Comb1 with the

fAOM of 80 MHz, and the other microcomb goes through the

polarization controller (PC) to maximize the interference signal.

FIGURE 3
Soliton dual-microcomb generation and characterization. (A) Observed soliton steps versus scan time in the OSC. The blue curve represents
the control signal of AWG to drive the VCO. The red and yellow curves show the power traces of the two soliton microcombs excluding the pump
power. (B)Generated two single-solitonmode-lockedmicrocomb optical spectra. Two fitted sech2 envelopes are also indicated by the blue and red
dotted lines. (C) Characterization of two comb spacings over 60 comb lines and two linear fits. (D) Optical spectrum evolution color map
beyond 2.5 h between 1635.8 nm and 1637 nm. The color bar reflects the power amplitude in the unit of decibel-milliwatts (dBm).
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Figure 5A depicts the schematic of the dual-microcomb optical

spectrum and down-converted electrical spectrummapping after

the frequency shift. The RF beat notes of the dual-microcomb

spectrum in the longer wavelength appear at frequencies

fN � 80MHz +N × Δfrep, and the RF beat notes on the

shorter wavelength appear at frequencies

fN � |80MHz −N × Δfrep|, where N is an integer.

After combining the dual-microcomb with a fiber

bidirectional coupler, one output passes through the test

sample (gas cell) to serve as a signal output and the other acts

as a reference output. Both outputs are synchronously detected

with photodetectors and a fast real-time OSC to generate two

interferograms of the two soliton pulse trains. Figure 5B shows an

interferogram of the signal path within 10 μs at 5 gigasamples/s

due to the maximum record length limitation of the OSC, though

it is smaller than the maximum coherence time (>100 µs) of the
dual-microcomb. The lower panel displays a zoomed-in time-

domain interferogram result from −0.1 to 0.4 µs. The small

period waveform repeats every 35.7 ns, corresponding to the

inverse of the difference frequency (28 MHz) in the dual-

microcomb repetition rates. It should also be emphasized that

the maximum period lasts for 250 ns, corresponding to the

inverse of the RF signal of 4 MHz from the beat note of the

third pair of the dual-microcomb on the shorter wavelength. This

maximum period also represents that the dual-microcomb

system has a short single-shot acquisition time.

The time-domain interferogram is then Fourier-transformed

to produce a comb-like RF electrical spectrum in Figure 5C. The

beat-note signals of the two sides of the dual-microcomb

spectrum are unaligned around the center frequency of fAOM

(80 MHz), though the 80-MHz frequency cannot be detected

owing to the filtered pump of the dual-microcomb. The RF comb

lines of each side of the spectrum have a line spacing of 28 MHz

by the repetition rate difference of the soliton pulse trains. The

small repetition rate difference compared to the 101.8 GHz

soliton microcomb repetition rate makes it feasible to

compress an optical span of 5.4 THz (1505–1590 nm) into

1500 MHz of electrical spectrum. The electrical spectrum has

over 100 RF teeth and the intensity profile agrees well with the

product of the amplitudes of the electric fields of the dual-

microcomb. The RF lines near the 80 MHz frequency have

high signal-to-noise ratios (SNRs) around 27 dB. However, we

have also found some unwanted RF lines such as the modulated

1 GHz signal for dual-microcomb generation and some sum and

difference frequency signals between the dual-microcomb beat

notes and the 1 GHz signal. Fortunately, the unwanted RF lines

are not overlapped with the dual-microcomb beat notes and have

no effect on the experiment except for a slight reduction in SNRs.

FIGURE 4
Repetition rate difference characterization of free-running dual-microcomb with different sideband modulation powers of 0 dBm (blue dots
and lines) and 6 dBm (red dots and lines), respectively. (A) Repetition rate difference frequency counting measurement within 5 min at 1 ms gate
time. (B) Repetition rate difference beat notes measured by the RF spectrum analyzer. The sweep time is set as 33.8 ms within a sweep range of
1 MHz with a resolution bandwidth (RBW) of 3 kHz. (C) Allan deviations of the repetition rate difference signal.
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Proof-of-principle gas spectroscopy
measurement

The dual-microcomb source has a short single spectrum

acquisition time of about 250 ns at the expense of coarse

resolution (101.8 GHz), which is suitable for liquids or solids

detection with broad absorption features. However, limited by

the experimental conditions, only a simple proof-of-principle gas

absorption spectroscopy detection as an alternative in Figure 6A is

performed. The gas cell used here has amixture of H12CN, 12CO and
13CO, and the pressures of the gases inside the cell are 10 Torr

(H12CN), 300 Torr (12CO) and 300 Torr (13CO), respectively. The

blue lines represent the reference absorption spectrum obtained by

conducting a wavelength scanning from 1522 nm to 1569 nm with

an external cavity diode laser (ECDL). The output from the ECDL is

split into three paths. One is coupled into the gas cell, another is used

for monitoring the power fluctuation, and the last one is injected

into the fiber ring with FSR at about 34MHz for accurate

wavelength calibration. The red lines are the results of the dual-

microcomb spectroscopy, which is extracted by normalizing the

signal spectrum by the reference spectrum. Here, only 10 μs time-

domain signals are processed without any complex coherent

averaging on multiple spectra, thus indicating the real-time

nature of the dual-microcomb acquisition system.

Then the results of both absorption spectra on the upper

panel in Figure 6A are compared. Owing that the coarse

resolution of the dual-microcomb system (~101.8 GHz) is

much larger than the gas absorption linewidth of ~21 GHz,

the absorption of 12CO in the longer wavelength cannot be

distinguished and only several absorption lines of H12CN on

the shorter wavelength are coincidently detected. Other

microcomb lines that miss the absorption lines can also

measure the baseline absorption variations well.

Furthermore, the line-by-line overlay of the wavelength-

calibrated scanning laser spectrum and dual-comb

spectrum on the lower panel in Figure 6A shows a clearer

comparation of absorption intensity for H12CN from 1522 nm

to 1533 nm. Most of the microcomb lines have a close strength

compared to the reference except for some large deviations of

individual microcomb lines, which are primarily limited by

the short measurement time and low SNR in the wings of dual-

microcomb spectrum. Moreover, the extra unwanted RF lines

FIGURE 5
Experimental interferogram sequence and RF spectrum. (A) Schematic for dual-microcomb spectrum in optical domain and RF domain. Δf1 and
Δf2 are the repetition rates of twomicrocombs. Δfrep � Δf2 − Δf1 is the difference frequency in repetition rates. fAOM is the frequency shift of the AOM.
(B) Time-domain interferogram results of the dual-microcomb soliton pulses with the acquisition time of 10 µs. (C) The Fourier-transformed
electrical spectrum of the time-domain signal.
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caused by the 1 GHz modulation signals would further reduce

the overall SNR. After averaging several time-domain results,

the residual difference with errorbar between the two

absorption spectra is shown in Figure 6B and the calculated

SD is 0.0194, which is comparable with that in Ref. [35]. It is

believed that coherent averaging over abundant acquisitions

can reduce the deviations, but at the cost of a longer

acquisition time. Supplementary Table S1 provides a

comparison of dual-microcomb parameters between our

work and previous references.

Conclusion

In conclusion, a stable dual-microcomb generation method

by utilizing the sideband thermal compensation effect has been

demonstrated with two Si3N4 microresonators. Narrower

repetition rate difference beat notes (<10 kHz) and smaller

Allan deviations (1.0 × 10–4 at 1 ms) are achieved. This system

has no strict requirement for ultra-high Q microrings and

shows great potential for miniaturization and integration with

compact and portable compositions. Moreover, the repetition

rate difference Δfrep of 28 MHz would map over

100 microcomb lines from an optical span of 5.4 THz

(1505–1590 nm) with 101.8 GHz resolution into the 1.5-

GHz RF bandwidth. A simple gas absorption detection of

H12CN has been demonstrated. In principle, a dual-

microcomb source with a higher-resolution ability

(i.e., lower repetition rate) is more suitable for accurate gas

absorption peaks detection and a real-time coherent averaging

with field-programmable gate arrays could be adopted to

reduce the residual. Moreover, the dual-microcomb

framework is also suitable for other dual-comb technology

requirements for ranging and microwave photonics.
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FIGURE 6
Gas absorption spectra test. (A) The gas absorption spectra measured by the wavelength-calibrated scanning laser and dual-microcomb. The
absorption is defined as 1—T, with T the transmittance of the gas cell. The lower panel represents the spectra range between 1522 nm and 1533 nm.
(B) The residual difference with errorbar between the two spectra.
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