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Abstract: Dual-comb spectroscopy as an emerging tool for spectral analysis has been investigated in
a wide range of applications, including absorption spectroscopy, light detection and ranging, and
nonlinear spectral imaging. Two mutually coherent combs facilitate high-precision, high-resolution,
and broadband spectroscopy. Recently, dual combs generated from a single cavity have become
compelling options for dual-comb spectroscopy, enabling huge simplification to measuring systems.
Here, we review the progress of single-cavity dual comb lasers in recent years and summarize the
distinctive advantages of single-cavity dual combs. First, the principles of optical frequency comb and
dual-comb spectroscopy are introduced in time and frequency domains. Then, the implementation
techniques and typical applications of single-cavity dual comb lasers are discussed, including direc-
tional multiplexing, wavelength multiplexing, polarization multiplexing, and space multiplexing.
Finally, an outlook on the development of single-cavity dual combs is presented.

Keywords: lasers; single-cavity dual combs; dual-comb spectroscopy; mode-locked lasers

1. Introduction

Lasers have promoted a multitude of diverse applications owing to their remarkable
spatial and temporal coherence properties. The invention of lasers in 1960 was a milestone
in the history of optics and opened up a new era for optical research [1]. Subsequently, a
variety of lasers were developed according to the different requirements of applications
during years of research. Stable narrow-linewidth lasers are required for high-resolution
measurement in light detection and ranging [2,3]. High-power lasers find their utility
for precise engraving in material processing [4,5]. Ultrafast lasers have spawned a large
number of research fields owing to their high peak power and ultrashort pulse width,
such as frequency comb metrology [6–9], the dynamic evolution of solitons [10], and
nano-materials application in saturable absorption [11–19]. Besides, ultrafast lasers have
promoted various practical applications, including material processing [20–22], fluorescence
microscopy [23], and in the medical industry [24,25]. Mode-locking is one of the main
methods usedto realize ultrafast lasers with picosecond- or femtosecond-level pulse width.
A fixed phase relationship between the longitudinal modes is induced in the laser resonator
for periodic interference, ultimately producing a train of pulses [26]. The phase-locked
longitudinal modes can further achieve optical frequency combs (OFCs).

OFCs are known as evenly spaced combs of spectral lines in the frequency domain and
periodic pulse trains in the time domain. The first OFC was generated from a mode-locked
femtosecond laser, which was employed in counting cycles from optical atomic clocks with
high accuracy [27]. In 2005, one-half of the Nobel Prize for Physics was awarded to John Hall
and Theodor Hänsch for their invention of OFCs, which had a spectacular impact on the fields
of precision spectroscopy and optical frequency metrology [28,29]. The OFCs possessing ex-
treme fidelity can act as frequency rulers, as they combine the optical frequency with the radio
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frequency. The great stabilization of OFCs boosts the development of high-resolution mea-
surements, such as optical atomic clock [30,31], precision distance measurement [32–34], light
detection and ranging [35], precision optical frequency metrology [28,29], and astronomical
observations [36]. However, the detection of optical signals brings out the challenge of digital
electronics. The typical techniques transforming the optical signals into detectable signals
include virtually imaged phase array spectrometers [37], comb-cavity Vernier spectrome-
ters [38], and Fourier-transform infrared spectrometers [39]. As a kind of Fourier-transform
spectrometer, the dual-comb spectroscopy (DCS) uses two coherent frequency combs with
a slightly offset repetition rate to perform ultrahigh-resolution, high-sensitivity broadband
spectroscopy [40,41]. The remarkable capabilities that enhance the competitiveness of the
DCS are applications such as detection and analysis of greenhouse gases [42–45], spectral light
detection and ranging [46–49], nonlinear spectroscopy [50,51], medical laboratory science [52],
imaging [53,54], and zero-background photothermal/photoacoustic detection [55–57].

There are many different methods to achieve DCS, including strong modulation of a
continuous-wave laser [58], two frequency-locked combs produced by two separated mode-
locked lasers [59], two sets of stable Kerr combs formed in the ring resonator [60], and two
sets of mode-locked pulses with different repetitions produced in the same mode-locked
laser [61]. Compared to the former three methods, the DCS generated from a single cavity
possesses a simplified structure and high coherence. The high coherence between single-
cavity dual combs is naturally ensured since the same environment experienced by dual
combs effectively inhibits the common-mode noise. Despite the significant optimization of
structure and cost, there are still some challenges for single-cavity dual combs. For instance,
the repetition rate difference is limited and inflexible for adjustment, posing challenges
for high-speed measurement. In addition, the low output power of single-cavity dual
combs is not conducive to most practical applications. The self-starting and tunable single-
cavity dual combs were realized by introducing correction algorithms and mechanical
structures. Currently, single-cavity dual-comb lasers find applications in the measurement
of absorption spectrum [62], ranging [63–65], and optical fiber sensing [66].

In this study, we mainly review the progress in the research of the dual combs gener-
ated from a single cavity. First, we briefly introduce the principles of the OFC and DCS.
Then, the multiplexing methods used for realizing single-cavity dual combs are elabo-
rated. The typical results and applications based on single-cavity dual combs are discussed.
Finally, our conclusions and perspectives of single-cavity dual combs are presented.

2. Principles of Optical Frequency Comb and Dual-Comb Spectroscopy

The invention of the OFC has boosted the development of precision spectroscopy. As
an important spectral technology, the DCS was subsequently proposed to overcome the
detection challenge of OFCs. In this section, we aim to make a brief theoretical analysis of
the OFC and DCS. First, we describe the properties of the OFC in the time and frequency
domains, as well as the stabilization methods of the OFC. Then, the properties of the DCS
are discussed in the time and frequency domains, respectively.

2.1. Principles of the Optical Frequency Comb

The OFC is a specific kind of laser, which appears as a series of periodic teeth with
critically equal intervals in both the time and frequency domains. In the time domain, the
OFC appears as periodic pulses with equal intervals Tr, as shown in Figure 1a [67]. Lights
with different frequencies travel at different speeds in the dispersive media, which leads
to a stable phase difference ϕceo, between the envelope and the carrier of the pulse. In
the frequency domain, the OFC is a series of comb teeth shown in Figure 1b [67]. Each
comb can be uniquely determined by the repetition rate fr and the carrier-envelope-offset
frequency fceo. The nth comb νn can be described as:

νn = n · fr + fceo (1)
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In other words, νn is the linear combination of two degrees of freedom, fr and fceo.
According to the law of Fourier transform, fr equals to 1/Tr, and fceo is described as
(ϕceo/2π)·(1/Tr). In general, the fr and fceo are in the ratio frequency range, while νn is in
the optical frequency range. Therefore, the OFC builds a bridge between ratio frequency
and optical frequency domains.

T

φceo 2φceo
Tr

E

fceo fr

ν

νn= n·fr + fceoE

n

(a)

(b)

Figure 1. The concept of the OFC. (a) Features in the time domain. (b) Comb teeth in the frequency domain.

In actuality, the fr and fceo of the OFC are unstable due to the interference, making
the OFC deviate from the ideal condition. According to the amplification effect, the drift
of the fr and fceo can be amplified by 106 times after mapping to the optical frequency
domain. Therefore, it is of great necessity to stabilize the fr and fceo. Feedback systems
are commonly employed to control the cavity length and the pumping current so that
the fr and fceo can be stabilized to a standard frequency. The detection of the fr can be
achieved simply through a photodetector, while the fceo can not be directly detected. The
f -2 f self-referencing is generally utilized to detect fceo. Nonlinear media are utilized for
frequency doubling, where the fceo can be acquired from the beat frequency of the nth comb
and the 2nth comb.

2.2. Principles of the Dual-Comb Spectroscopy

The DCS is a kind of technology using two sets of highly coherent OFCs with a small
difference in the repetition rate, which can achieve asynchronous optical sampling without
mechanical motion scanning. The two OFCs pass through the sample separately, and the
spectrum of the OFC can be obtained from the interferogram of dual combs. Each pair of
pulses has an increased time delay compared to the previous one due to the difference in
the repetition rate of dual combs. The time delay between the interval of every two pairs of
pulses can be described as:

1/fr − 1/(fr + ∆ fr) = ∆ fr/(fr + ∆ fr) ≈ ∆ fr/ fr
2 (2)
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where fr is the repetition rate and ∆ fr is the difference in the repetition rate. Periodic
dislocation and overlap exist between pulses from two OFCs, which generated an inter-
ference signal with a period of 1/∆ fr shown in Figure 2a [42]. The interference of the
DCS in the frequency domain is a series of comb teeth with equal intervals in the ratio
frequency domain, which are related to the repetition rate difference between two combs.
The frequency of the mth comb teeth of the ratio frequency comb can be described as:

νm = n · |fr1 − fr2|+ | fceo1 − fceo2| (3)

where fr1 and fr1 are the repetition rates of two combs, fceo1 and fceo2 are the carrier-
envelope-offset frequency, and νm is the beat frequency of two combs in the ratio frequency
domain. As shown in Figure 2b [42], the interval between the ratio frequency comb teeth is
∆ fr. The DCS maps the spectrum of the OFC to the ratio frequency comb, where the νm can
be obtained from the fast Fourier transform of interference in the time domain.
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fr1

fr2

|fr   -   fr2|
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The beat frequency
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d

(a)
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1/Δfr

Two OFCs

Interferogram

Figure 2. The concept of the DCS. (a) The asynchronous optical sampling. (b) The beat frequency
produced by two OFCs.

3. Single-Cavity Dual-Comb Systems

Dual combs generated from a single mode-locked laser, known as single-cavity dual
comb lasers, exhibit remarkable merits of simple structures and low cost. The DCS based on
single-cavity dual-comb lasers has been applied in enormous disciplines including gas de-
tection, distance measurement, and fiber sensing. In this section, the four multiplexed meth-
ods to generate single-cavity dual combs are summarized, including direction-multiplexing,
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wavelength-multiplexing, polarization-multiplexing, and space-multiplexing. The princi-
ples, advances, and applications of each method are presented in detail, respectively.

3.1. Bidirectional Single-Cavity Dual Combs

Mode-locked pulses can be achieved in the clockwise (CW) and counter-clockwise
(CCW) directions in a no-isolator cavity. The difference between the refractive indices of
the two directions leads to the repetition rate difference, which results in a free-running
dual-comb system.

A typical schematic diagram of the bidirectional dual-comb laser is shown in Figure 3a.
In 2008, Kieu et al. firstly reported on an all-fiber bidirectional passively mode-locked
laser [68]. Dual-comb lasers based on bidirectional mode-locking have been widely in-
vestigated subsequently [69–79]. Generally, the repetition rate difference of bidirectional
dual-comb laser is relatively small due to the slight difference of refractive indices between
CW and CCW in the same cavity. In 2011, Ouyang et al. proposed a bidirectional dual-comb
laser with an obvious repetition rate difference of 6.1 MHz by employing unsymmetrical
cavity lengths [80]. In 2018, Olson et al. expanded the bidirectional dual-comb system to
the 2-µm band in a Thulium-doped fiber laser. The range of the detuning frequency was
broadband tunable from 49.8 to 229.0 Hz [81].
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Figure 3. Experimental results of the DCS based on a bidirectional dual-comb laser. (a) Schematic
diagram of the DCS system. (b) Absorption spectra of HCN calculated from single-shot (blue) and
200-times averaged (gray) interferograms, respectively. (c) Extracted absorption lines of 100 Torr,
16.5 cm HCN gas cell measured by proposed the DCS system and the deviations compared to the
corresponding NIST SRM2519 data. Reproduced with permission [62]. Copyright 2016 authors,
published by AIP Publishing.

In 2019, Satio et al. proposed an all-polarization-maintained bidirectional dual-comb
fiber laser. The polarization-maintained structure effectively improved the long-term
stability and repeatability of the dual-comb laser [82]. Nakajima et al. designed a high-
coherence ultra-broadband bidirectional dual-comb fiber laser. Through nonlinear spectral
broadening, two high-coherent ultra-broadband frequency combs were generated with a
small repetition rate difference of 1.5 Hz. Thus, it allowed the measurable optical spectral
bandwidth to attain ∼479 THz (∼3888 nm) [76]. In 2020, Lee et al. effectively improved the
pulse energy of bidirectional dual combs by utilizing an all-normal dispersion laser based
on nonlinear polarization rotation, where pulse energies of 1.56 nJ were far beyond the pulse
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energy limit of 50 pJ in the past [83]. In 2022, Galtier et al. firstly achieved measurement at
the GHz resolution level by using a Kerr-lens mode-locked bidirectional Ti: sapphire ring
laser cavity. The result is 2 orders of magnitude better than the previous report. The pulses
were sufficient absolute and mutual coherence for 1.5-GHz resolution measurements [84].

3.2. Single-Cavity Dual Combs Based on Wavelength-Multiplexing

The multi-pulse operation can be generated by introducing a filter in the anomalous
dispersion cavity due to the limitation of the soliton area theorem [85]. Dual-wavelength or
even multi-wavelength mode-locking can be achieved by adjusting the cavity param-
eters owing to the periodic structure of sinusoidal filters. The multi-pulse of multi-
wavelength mode-locking exhibits different repetition frequencies because of the dis-
tinct group velocities at different wavelengths, which can be regarded as wavelength-
multiplexed dual combs.

In 2011, Zhao et al. firstly reported on wavelength-multiplexed dual combs in a dual-
wavelength mode-locked fiber laser. The dual-wavelength operation was generated when
the gains of erbium-doped fiber were similar at the two peaks of wavelengths. Thus, two
mode-locked pulses with different repetition rates were achieved due to the group velocity
dispersion [86]. In 2016, Zhao et al. demonstrated a DCS system based on the wavelength-
multiplexed dual comb laser. Simple constant-clock sampling and data processing processes
were used to achieve a spectral resolution of picometer level (1.5 pm) [61]. The DCS based
on wavelength-multiplexing was then expanded to 1- and 2-µm band [87,88]. In general,
the repetition rate difference of wavelength-multiplexed dual-comb systems is generally
determined by the period of the filter. Mechanical filters were designed to adjust the
repetition rate difference [89,90]. In general, mechanical filters were achieved by inserting
a beam block into the grating compressor section. The length of the grating compressor
can be dynamically adjusted by changing the effective width of the beam block, so that
a controllable repetition rate difference was achieved. Besides, a thermally controlled
Lyot filter composed of polarization-maintaining fiber (PMF) was investigated to achieve
tunable operation of mode-locking in the dual-wavelength laser. The 25-nm tunable central
wavelength and switch of single-wavelength and dual-wavelength operations were stably
achieved by tuning the temperature of the Lyot filter [91].

Apart from the optimization of filters, novel saturable absorbers were employed to
realize low-cost, high-output, and stable wavelength-multiplexed dual combs. In 2019,
Zhao et al. demonstrated a dual-wavelength mode-locked laser by inserting multimode
fibers between two single-mode fibers as a saturable absorber [92]. In 2021, Lin et al.
applied carboxyl-functionalized graphene oxide as a saturable absorber in an erbium-
doped laser (Figure 4a), which was simply manufactured and low-cost [93]. In order to
overcome the ambiguity problem caused by the DCS, Li et al. proposed a multidimensional
multiplexed approach to generate tri-comb and quad-comb systems, where wavelength-
and polarization-multiplexed techniques were both utilized. The tri-comb system can
eliminate physical delay stages in multidimensional coherent spectroscopy compared with
the DCS [94].
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Figure 4. Experimental results of wavelength-multiplexed dual combs. (a) The schematic diagram of
wavelength-multiplexed dual combs. Reproduced with permission [93]. Copyright 2021 Chinese
Optics Letters. (b) The experimental setup of absolute distance measurement based on wavelength-
multiplexed dual combs. (c) Top view of the gauge blocks being measured. (d) Measured heights
and residuals of the gauge blocks. Reproduced with permission [65]. Copyright 2020 Elsevier.

Dual-comb system with a supercontinuum spectrum was achieved by using spread
spectrum technology, which can cover more absorption lines of molecules. In 2021, Gu et al.
compressed the output of a 1.5-µm dual-wavelength mode-locked laser. A dual-comb
system with a broadband range of 1 to 1.75 µm was obtained by spectrally selected amplifi-
cation, which had a lot of potential for dual-comb applications such as coherent anti-stokes
Raman spectroscopy and mid-infrared differential frequency generation [95]. In 2019,
Fellinger et al. proposed a dual-wavelength all-PMF fiber dual-comb laser for the first
time. The stability of the dual-comb laser was improved due to the all-PMF fiber structure,
which effectively resist environmental changes including temperature variations and slight
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perturbations [89]. In 2021, Guo et al. achieved self-starting dual combs in dual-wavelength
all-PMF fiber lasers. Self-starting dual-wavelength mode-locking was achieved by the
reflection-type PM-Lyot filter and nonlinear amplifying loop mirror [96]. Kelly sidebands
contained in the conventional solitons may cause the wastage of energy and useful spec-
tral range of the DCS. In 2022, Tao et al. investigated a sideband-free dual-comb system
based on a dual-wavelength mode-locked fiber laser, where the polarization-maintaining
Er-doped fiber performed not only the gain medium but also the Lyot filter together with a
polarization controller. The Kelly sidebands were effectively suppressed by the nonlinear
polarization rotation technique [97].

3.3. Single-Cavity Dual Combs Based on Polarization-Multiplexing

Single-cavity dual combs based on polarization-multiplexing mainly exploit the fiber
birefringence caused by the asymmetry of the fiber. The refractive indices are different
along the fast and slow axes of asymmetric fibers. Polarization-multiplexed dual combs
with slightly different repetition rates can be obtained when the nonlinear interaction
between the orthogonal polarization modes cannot compensate for the group velocity
mismatch caused by fiber birefringence.

In 2017, Akosman et al. firstly proposed a polarization-multiplexed dual-comb system
at 2-µm band. Two orthogonally polarized pulses were decomposed from the vector soli-
tons by locking the polarization evolution frequency. The repetition rate difference between
the two orthogonally polarized pulses was achieved owing to the birefringence caused
by the asymmetry of single-mode fibers [98]. The birefringence of the PMF benefits the
generation of stable dual combs in nearly orthogonal states of polarization. In 2018, Zhao et
al. reported on a polarization-multiplexed dual-comb laser by introducing a section of PMF.
The difference in repetition rates can be adjusted by tuning the intracavity polarization
controller [99]. In 2019, Deng et al. proposed a linear wavelength-multiplexed dual-comb
laser based on a semiconductor saturable absorption mirror to achieve mode-locking. An
erbium-doped PMF oscillator in the cavity enabled mode-locked operations simultaneously
in two cross-polarization axes. This system can be phase-locked without the need for an
additional active frequency stabilization system [100]. Nakajima et al. firstly investigated
an all-PMF polarization-multiplexed dual-comb system based on a nonlinear amplify-
ing loop mirror. The all-PMF structure is more resistant to environmental disturbances,
which facilitates the application of such dual combs in practical environments other than
laboratories [101]. In 2020, Uyama et al. employed two 90-degree rotation splices in the
all-PMF multiplexed dual-comb system to switch between fast and slow axes, which could
balance the polarization-dependent loss and optimize the signal transmission quality [102].
Zhao et al. studied the dynamics of vector solitons in a polarization multiplexed dual-comb
fiber laser by using the time-stretched dispersive Fourier transform technique [103]. The
initiation process, build-up process, and vector-soliton collisions were observed and dis-
cussed experimentally and theoretically, which can guide the optimization of applications
based on polarization-multiplexed dual combs.

In 2022, Hu et al. reported on a polarization-multiplexed dual-comb fiber laser with
a tunable repetition rate difference from 12 Hz to 12 kHz, as shown in Figure 5a. The
linear polarization mode dispersion enabled repetition rate difference at kHz level, while
the repetition rate difference at the 10-Hz level resulted from the hybrid operation of
the birefringence filter effect and nonlinear polarization evolution [104]. To date, the
polarization-multiplexed dual combs at 1-µm band were commonly generated from solid-
state lasers [105–107]. Solid-state lasers have a longer up-state lifetime, which allows the
pulse to have higher pulse energy. The repetition rate difference of solid-state polarization-
multiplexed dual combs commonly resulted from the 45°-cut birefringent crystal due to
the non-common intracavity path and crystal dispersion.
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Figure 5. Device and application of laser based on polarization-multiplexing. (a) The setup of laser
based on polarization-multiplexing. Reproduced with permission [104]. Copyright 2022 American
Institute of Physics. (b) The experimental setup of wearable and skin-mountable fiber-optic strain
sensors interrogated by a dual-comb fiber laser. (c) Profile display of the sensor attached to the
volunteer’s neck. (d) Response of the sensor to deep inhalations and exhalations. Reproduced with
permission [108]. Copyright 2019 Wiley.

3.4. Single-Cavity Dual Combs Based on Space-Multiplexing

The non-shared cavity structures enable vast innovation of single-cavity dual combs.
The different cavity lengths or gain mediums in the space-multiplexed dual combs allow
for large tunable ranges of repetition rate and repetition rate difference, which is conducive
to high-speed DCS.

In 2020, Zhao et al. firstly proposed a dual-color fiber laser based on space-multiplexing,
where a single-mode-multimode-single-mode fiber structure was employed as the shared
saturable absorber. Dual-color pulses with a stable repetition rate difference were generated
from the Er- and Tm-doped laser cavities simultaneously, composed of space-multiplexed
dual combs [109]. However, the non-shared section of space-multiplexed dual combs
introduced disturbance due to the slow environmental drift. Thus, feedback loops were
employed to reduce the frequency jitter.

In 2022, Pupeikis et al. achieved a space-multiplexed dual-comb laser, where a biprism
on the surface was used for adjusting the repetition rate difference. A slow cross-correlation-
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based feedback loop was placed in the position of the biprism to obtain a stable dual-comb
laser. The long-term stability of the dual-comb system was experimentally estimated to be
2.3× 10−7 over 5 h [110].

4. Applications

The DCS based on single-cavity dual-comb lasers has been applied in enormous
disciplines owing to the simple structure and low cost. Various applications based on
single-cavity dual combs are presented in this section, including absorption spectroscopy,
fiber sensing, distance measurement, combustion diagnostics, and coherent anti-Stokes
Raman spectroscopy.

Spectroscopy is one of the most important application fields of single-cavity dual-comb
systems. In 2016, Mwhravar et al. first employed a bidirectional mode-locked fiber laser at
1.5-µm band for absorption spectrum measurement. The dual-comb laser was relatively
stable with an Allan deviation of 3× 108 in 1.28 ms. The precision of the bidirectional DCS
was proved by measuring narrow absorption lines of HCN in the P-band. As shown in
Figure 3b,c, the measured absorption lines had a deviation of ∼207 MHz from the NIST
SRM2519 database [62]. In 2018, Olson et al. employed a 2-µm bidirectional mode-locked
laser to measure the absorption of atmospheric water vapor over 945-GHz bandwidth [81].
Kayes et al. proposed a bidirectional mode-locked fiber laser at 2 µm. The dual-comb
laser with 16-MHz repetition rate and 1.3-kHz repetition rate difference was employed
to measure the absorption of ambient water vapor by the DCS at 1.9 µm [111]. There are
various molecular fingerprints in the spectral region of 1.7–2.0 µm, including important
industrial intermediates such as water vapor, methane, and carbon dioxide. Thus, it is
necessary to broaden the wavelength coverage of the dual comb. In 2019, Chen et al.
extended the wavelength coverage of a 1.5-µm wavelength-multiplexed dual-comb laser
to 1.7 µm. The absorption spectrum of methane was measured by the DCS, which was
completed in good agreement with HITRAN database [112]. Besides, novel techniques have
also employed to assist in the measurement of absorption spectra, such as data processing
and phase correction techniques. In 2019, Sterczewski et al. employed a 1.5-µm dual-
comb laser based on polarization multiplexing to detect absorption spectrum of HCN. The
repetition rate and repetition rate difference were 140 MHz and 3.2 kHz, respectively. An
all-computational phase correction algorithm was employed. The absorption lines of HCN
with narrow linewidths under low pressure were measured within 1.7 THz bandwidth,
where the transmittance precision over a terahertz was better than 1% [113]. In 2020,
Chen et al. utilized a wavelength-multiplexed dual-comb laser with the adaptive sampling
method to measure the absorption spectrum of acetonitrile under low pressure. The
dual combs had a repetition rate of 49 MHz and a repetition rate difference of 190 Hz.
Doppler-limit-approaching absorption lines with narrow linewidths were first realized
in such a low-repetition-rate dual-comb system by correcting the frequency drift with
adaptive sampling method [114]. In 2022, Tian et al. demonstrated a dual-comb laser based
on space-multiplexing, as shown in Figure 6a. The dual-comb laser at 1.5 µm was with
51-MHz repetition rate and 1.5-kHz repetition rate difference. Data post-processing and
all-computational phase correction techniques were used to improve the long-term mutual
coherence. The absorption spectrum of the HCN with 3-nm bandwidth was obtained,
which agreed well with the HITRAN database as shown in Figure 6b,c [115].

The capability of single-cavity dual-comb systems in the DCS was also proved in fiber
sensing. In general, the spectral shift of fiber grating sensors is a key parameter detected by
dual-comb systems. In 2018, Guo et al. applied a bidirectional dual-comb laser to a fiber
Bragg grating (FBG)-based multiplexed strain sensing system. The dual-comb laser was at
1.5-µm with 21-MHz repetition rate and 9-Hz repetition rate difference. The strain-induced
spectral shift of the FBG sensors was precisely detected by the dual-comb system [66]. This
fiber sensing technology already has practical applications in real life conditions. In 2019,
Guo et al. employed polarization-multiplexed dual combs in a stretchable fiber optical
strain sensor based on FBGs for the real-time monitoring of human activity, as shown in
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Figure 5b. The sensor was attached to the volunteer’s neck as shown in Figure 5c. The deep
inhalations and exhalations reflected in shifts of Bragg wavelengths were further detected
by the DCS, as shown in Figure 5d [108].
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Figure 6. Experimental results of space-multiplexed dual combs. (a) The schematic diagram of
space-multiplexed dual combs. (b) The absorption spectrum of HCN measured by the DCS. (c) The
comparison between the measured P22 absorption line and the counterpart in the HITRAN database.
Reproduced with permission [115]. Copyright 2022 American Institute of Physics.

In addition, single-cavity dual combs were used in the field of distance measurement,
combustion diagnostics, and Terahertz spectroscopy. In 2020, Kieu et al. employed a 1.5-µm
bidirectional mode-locked laser to coherent anti-Stokes Raman scattering. One comb was
shifted to 1060 nm, used as the pump field, while the other comb at 1.5 µm was used as the
Stokes field. The Raman spectra of multiple samples were observed in the C–H stretching
window (2800 to 3100 cm−1). The automatic scanning of the pump beam and Stokes beam
were achieved, which greatly improved the excitation rate of the anti-Stokes signal [116].
In 2021, Hu et al. performed absolute distance measurement by using the DCS based on
wavelength-multiplexing, as shown in Figure 4b. The output of free-running dual-comb
system was extended to 1∼1.75 µm. This device could realize an accuracy of <10 µm, as
shown in Figure 4c,d [65]. Nürnberg et al. firstly demonstrated a long-range distance
measuring system with high resolution based on solid-state polarization-multiplexed dual
combs. Two types of dual combs were employed in the laser ranging experiments, including
a mode-locked integrated external cavity surface-emitting laser and a Yb:CaF2 solid-state
laser. The solid-state dual-comb laser performed higher resolution, while the mode-locked
integrated external cavity surface-emitting laser can be sampled at a higher update rate.
A resolution below 1 µm and a measurement range above 1 km could be anticipated by
further optimization [64]. Xu et al. employed a wavelength-multiplexed dual-comb laser
to non-intrusively collect the absorption spectrum of water and acetylene in a laminar
premixed flame. Although the signal-to-noise ratio is smaller than that of phased-locked
DCS, it is sufficient for most combustion reaction studies [117].
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5. Conclusions and Perspectives

Due to their simple structure and high coherence, single-cavity dual combs have
become attractive for DCS. Multiple methods have been developed to achieve single-
cavity dual combs, including direction-multiplexing wavelength-multiplexing, polarization-
multiplexing, and space-multiplexing. The single-cavity dual combs with overlapped
spectra can be directly employed in spectral measurement, such as bidirectional and
polarization-multiplexed dual combs [62,111,112].

The four methods each have their own strengths and weaknesses. As for bidirectional
dual combs, the pulses output from opposite directions generally have overlapped spectra,
which makes for a simple spectral analysis. However, the repetition rate difference is too
small to achieve rapid measurement. In addition, the useful information may be submerged
in the noise caused by the drift of repetition rates. Wavelength-multiplexed dual combs pos-
sess a large tunable range of repetition rate difference. However, the two combs at different
center wavelengths need extra processes such as amplification and spectral spread to satisfy
the requirements of applications. Dual-comb systems based on polarization-multiplexing
have overlapped spectra and large repetition rate differences. Nevertheless, it is hard
to control the repetition rate difference artificially. The non-common cavity structures of
space-multiplexed dual combs are beneficial to realize the large repetition rate difference.
However, the coherence might be reduced accordingly. Thus, the choice of dual-comb
systems depends on the specific requirements of particular applications. Bidirectional
and polarization-multiplexed dual combs are beneficial to simplify the spectroscopic mea-
surements. Dual combs based on wavelength-multiplexing and space-multiplexing are
suitable for fiber sensing and rapid measurements profiting from the large tunable range of
repetition rate difference.

Single-cavity dual combs at 1-, 1.5-, and 2-µm bands have been widely reported [87,88,94].
A variety of important industrial intermediates, such as water vapor, carbon dioxide,
and methane, are mainly located in the spectral region of 1.5–2.0 µm. Therefore, single-
cavity dual-comb lasers at 1.5- and 2-µm bands were advantageous for species absorption
spectrum measurements [81,112]. To date, the single-cavity dual combs at 1-µm were
mostly achieved in solid-state lasers with higher output power [87,89,90], which have the
potential for practical applications requiring high energy laser sources.

However, the limited repetition rate difference poses a significant challenge to im-
proving the acquisition speed. Therefore, there is still a lot of room for improvement in
single-cavity dual comb lasers. First, the tuning range of repetition rate difference can be
further enlarged, which is not only beneficial for high-speed measurement but also reduces
the disturbance caused by frequency jitter. Novel optical devices such as mechanical struc-
tures can be introduced in the laser cavity to realize the flexible adjustment of repetition rate
difference [89,90] Second, the output power of all-fiber single-cavity dual combs may be
insufficient for practical applications. However, the mutual coherence of single-cavity dual
combs might be weakened due to additional amplifiers. Thus, solid-state and multimode-
fiber-based lasers are compelling options for improving high-energy single-cavity dual
combs [95–97,109]. Besides, the repetition rate difference is not fixed at each startup owing
to the manually adjusted deviation of the laser state. Calibration algorithms and the intelli-
gent control of mode-locking are important for supporting practical applications based on
single-cavity dual comb lasers [118,119]. Moreover, the spectral range of single-cavity dual
comb laser can be expanded to the mid-infrared region, in which the molecular absorption
is stronger than that in the near-infrared [120]. Finally, single-cavity dual combs lasers
combined with techniques such as Raman spectroscopy and coherent anti-Stokes Raman
scattering can be used for spectral imaging in many practical applications [121].
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