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Recent progress on mid-infrared and terahertz dual-comb

spectroscopy

Zhuoren Wan?, Min Li?*, Binbin Liu®**, Yu Xia?, Yuan Chen?, Xiuxiu Zhang?, Dongxu Zhu?, Yan Dai?, Sinan Tao?,

Hua Li***, Ming Yan®* and Heping Zeng!*®*

Abstract: Dual-comb spectroscopy (DCS) has emerged as a revolutionary optical technique, offering exceptional spec-
tral resolution, rapid measurement capability, and inherent frequency accuracy without the need for moving parts.
This review provides a comprehensive survey of the principles and technological developments of DCS within the
mid-infrared (mid-IR, ~2—20 um) and terahertz (THz, ~0.1-10 THz) spectral regions. These regimes are of paramount
importance due to the unigue molecular fingerprints and low-energy excitations they encompass, spanning areas
such as gas-phase chemical analysis, combustion diagnostics, and atmospheric sensing. We systematically outline the
primary approaches for generating dual-comb sources in these spectral ranges, including direct generation via quan-
tum cascade lasers, optical parametric oscillation, difference frequency generation, and microresonator-based
frequency combs. The performance metrics, trade-offs, and recent innovations for each platform are critically
compared. Finally, we discuss key challenges and emerging directions, including continuous mid-infrared-to-THz
spectral coverage, broadband and low-noise detection, beam quality and mode matching, quantum-enhanced sensi-
tivity, and coherence preservation for long-term operation. We conclude by outlining future trends toward inte-
grated, field-deployable, and application-oriented DCS systems capable of broadband molecular fingerprinting, high-
speed sensing, and precision spectroscopy.
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1 Introduction

Optical frequency combs (OFCs) consist of evenly spaced
coherent spectral lines, offering broad spectral coverage,
high resolution, and absolute frequency traceability. They
have been widely applied in precision metrology'-, molecu-
lar fingerprinting*’, and atmospheric and environmental
monitoring®. For instance, recent studies have demon-
strated the use of vacuum-ultraviolet OFC to directly excite
the 2Th nuclear clock transition, establishing a frequency
link to existing atomic clocks and further highlighting the

transformative role of OFCs in precision metrology’. Mean-
while, OFCs have enabled significant advances in molecular
fingerprinting by providing rapid and accurate spectral
identification of complex gas mixtures. For example, broad-
band direct comb spectroscopy operating in the mid-
infrared region has been used to simultaneously monitor
multiple trace greenhouse gases—such as methane, carbon
dioxide, and nitrous oxide—with part-per-billion sensitivity
in both laboratory and field settings®. In atmospheric
and environmental monitoring, portable optical frequency
comb systems have been deployed for real-time detection of
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atmospheric  pollutants, including volatile organic
compounds and nitrogen oxides, supporting urban air qual-
ity assessment and emission source tracking’. These applica-
tions underscore the versatility of OFC technology in
addressing pressing scientific and societal challenges across
different spectral domains and measurement environments.

Among the OFC-enabled spectroscopic techniques, dual-
comb spectroscopy (DCS) stands out as one of the most
powerful tools for time-resolved, high-resolution measure-
ments. Derived from the interferometric beating of two
coherent OFCs, DCS leverages multi-heterodyne detection
to map optical spectra into the radio-frequency (RF)
domain, thereby retaining the absolute frequency accuracy
of the original combs!’"'>. By operating without moving
parts, DCS overcomes key limitations of conventional spec-
trometers—such as restricted acquisition speed, limited
spectral  resolution, and compromised frequency
accuracy—associated with traditional dispersive instru-
ments** and Michelson-interferometer-based Fourier-
transform spectroscopy (FTS)>!. For instance, when
combined with Doppler-free techniques'’, DCS enables sub-
Doppler spectroscopy with frequency resolutions reaching
the megahertz (MHz) level’®. In terms of measurement
speed, DCS exploits the small repetition rate difference (Af;)
between the two combs (typically ranging from 100 Hz to 1
MHz) to enable asynchronous sampling without mechani-
cal scanning, yielding a minimum acquisition time (1/Af;)
down to the microsecond (ps) and nanosecond (ns)
regimes'>. Recent advances—including chip-scale DCS'**
with sub-GHz Af; and programmable combs combined with
compressive sensing?’—have further pushed DCS toward
real-time operation. With respect to spectral bandwidth,
nonlinear frequency-conversion techniques*** have enabled
OFCs broadening spanning up to six octaves®, offering a
direct pathway to extend the single-shot spectral coverage of
DCS. In addition, the development of ultraviolet photon-
counting DCS* and THz DCS* has further expanded the
accessible measurement range. From a sensitivity perspec-
tive, DCS is compatible with a wide range of enhancement
techniques, including optical cavities”, multipass cells®,
hollow-core fibers*, and surface plasmon resonance®,
enabling gas detection sensitivities at the part per million
(ppm) level. To overcome limitations imposed by detector
background noise, DCS has also been combined with photo-
acoustic®’, photo-thermal®>, and optomechanical®® spec-
troscopy, pushing detection sensitivities into the part per
billion (ppb) regimes.

While near-infrared DCS has demonstrated outstanding
performance®, recent research efforts have increasingly
shifted toward the mid-infrared and terahertz (THz) spec-
tral regions. This shift is driven by the fundamental nature
of spectroscopy: the mid-infrared encompasses the molecu-
lar fingerprint region, where fundamental vibrational transi-
tions are several orders of magnitude stronger than near-
infrared overtone and combination bands, enabling

enhanced absorption contrast, sensitivity, and quantitative
molecular identification®. The THz region, meanwhile,
provides access to molecular rotational transitions, weakly
bound states, and low-frequency collective modes in solids,
offering unique insights into intermolecular interactions and
condensed-matter dynamics®. Extending DCS into the mid-
infrared and THz therefore enables broadband and ultrasen-
sitive molecular fingerprint analysis, substantially broaden-
ing its application scope in trace-gas sensing, reaction
dynamics, biomedical diagnostics, and precision spec-
troscopy. The rapid advancement of mid-infrared and THz
DCS calls for a comprehensive review that synthesizes recent
breakthroughs, clarifies technical challenges, and identifies
emerging application pathways. Unlike prior reviews that
typically focus on specific source platforms or spectral
regions, this review provides a unified perspective on recent
advances in mid-infrared and THz DCS. Beyond summariz-
ing representative demonstrations, we emphasize recent
developments in source architectures, coherence-preserva-
tion strategies, and the associated performance trade-offs.
We also discuss key cross-band challenges, including spec-
tral coverage, detection sensitivity, system complexity, long-
term stability, and field deployability. By comparing the
mid-infrared and THz regions side by side, this review high-
lights both shared methodological bottlenecks and comple-
mentary application opportunities, with the aim of offering
an accessible entry point and a perspective on future direc-
tions in spectroscopic development.

This article is organized as follows. Section 2 provides a
brief overview of DCS, emphasizing its basic scaling laws.
Section 3 surveys generation techniques and recent progress
in mid-infrared DCS. Section 4 reviews generation tech-
niques and advances in THz DCS. Section 5 surveys the key
challenges and emerging directions in DCS. Section 6
concludes with an integrated synthesis of recent advances
and future perspectives.

2 Basic principle

Figure 1(a) shows the classic asymmetric DCS scheme for
high-precision spectral analysis. When the comb pulses
propagate through a medium, the spectral information is
encoded in the amplitude and phase of the optical pulse
sequence and comb modes. By using linear optical sampling
techniques, optical interferograms can be obtained, from
which the encoded spectral information can be decoded.
Figure 1(b) illustrates the time-domain and frequency-
domain principles of the DCS linear sampling process. Prac-
tical measurements normalize out comb-to-comb spectral
structure using a reference path or interleaved backgrounds.

In the time domain, DCS consists of two pulse sequences
with slightly different repetition rate (fi1, fro = fr1 + Afy).

One pulse sequence scans the other with a step size of

1 1 Af,
AT = - — ~ f]:’ generating a time-domain

foo ft A
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Fig. 1 | Basic principle of DCS. (a) System architecture. (b) Time and frequency domain characteristics of DCS.

interference signal. After being detected by a photodetector,
the interference signal is reproduced with a period of 1/Af,,
effectively down-sampling the optical signal.

In the frequency domain, each pair of comb teeth gener-
ates a frequency-downshifted RF beat signal, forming an RF
comb with a spacing of Af;. A Fourier transform of the time-
domain interferogram results in the RF comb, where the
down-conversion mechanism shifts an optical spectrum
with bandwidth Av to an RF spectrum with bandwidth
Av/im, where m = fi/Af, is the conversion factor, typically
ranging from 10* to 10°. This allows the optical frequency
(OF) domain covering hundreds of THz, containing
hundreds of thousands of comb teeth, to be mapped to a
detectable RF range within the hundreds of MHz. To avoid
spectral aliasing, all optical spectral information is mapped
into the RF bandwidth range (f;/2), with the corresponding
mf _ S

2 2Af
highlights an important trade-off: increasing Af; shortens
the interferogram period and improves the spectral refresh
rate, but it reduces the alias-free optical bandwidth.
Conversely, reducing Af, allows broader optical coverage,
but increases the acquisition time for a single interferogram
and places stronger demands on mutual coherence during
averaging. Detector performance also imposes an important
practical constraint on DCS. The detector must support the
down-converted RF bandwidth and must provide sufficient
linearity, dynamic range, and sensitivity. In the mid-
infrared, high-speed detectors often require cooling and

optical bandwidth being Av < . This relation

involve trade-offs among responsivity, noise, saturation
power, and bandwidth; these limitations become more
severe toward the long-wave mid-infrared. In the THz
region, detector choices are even more limited, and photo-
conductive, electro-optic, or self-mixing detection schemes
each offer different compromises between bandwidth and
sensitivity. These detector bottlenecks motivate several indi-
rect or hybrid detection strategies discussed later, including
up-conversion detection, electro-optic sampling, cross-
comb spectroscopy, and self-detected quantum cascade laser
(QCL)/THz-QCL dual-comb systems.

The minimum time required to resolve the RF comb teeth
is 1/Af;. However, this speed advantage is offset by the low
signal-to-noise ratio (SNR) of a single spectral acquisition.
For DCS with M comb teeth, the SNR at the shot-noise limit
is \/Theomy/ M, where 7 is the sampling time, and #c,, is the
number of photons detected per second. In wideband
measurements, the SNR decreases with the increase in comb
teeth (optical spectral bandwidth Av = Mf;), and in practi-
cal applications, multiple spectra must be co-added. Conse-
quently, broadband measurements typically require coher-
ent averaging of multiple spectra, with the minimum acqui-
sition time ultimately determined by the target SNR. Such
coherent averaging critically relies on maintaining mutual
coherence between the two combs. It can be achieved by
phase-locking both f. and the carrier-envelope offset
frequency (feeo) to a common reference or by real-time
phase correction in software.

We further note that the repetition frequency f; plays a
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dual role. Increasing f; enlarges the alias-free bandwidth for
a given Af, and can support higher measurement speeds;
however, it also increases the comb spacing, thereby reduc-
ing the spectral sampling density within a single acquisition.
In contrast, a lower f; provides denser spectral sampling and
is advantageous for high-resolution gas-phase spectroscopy,
but for a fixed optical bandwidth it increases the number of
comb teeth, requiring a smaller Af; to avoid aliasing and
placing greater demands on detection bandwidth and coher-
ence stability. These trade-offs explain why broadband mid-
infrared and THz DCS systems often require balancing spec-
tral coverage, acquisition speed, spectral sampling density,
detector bandwidth, and long-term mutual coherence. They
also motivate different system-level strategies, including
GHz-spacing combs for rapid acquisition, lower-repetition-
rate combs for dense sampling, spectral filtering or stitching
to extend bandwidth, and spectral interleaving to achieve
effective resolution finer than the native comb spacing.

Moreover, an important consideration in DCS is the
architecture used to generate two mutually coherent combs.
The most common approach employs two independent
mode-locked lasers referenced to a common optical or
microwave standard, offering high flexibility but requiring
active stabilization or post-processing correction of relative
phase and timing noise. Alternatively, the two combs can be
derived from a common seed laser or oscillator through
electro-optic modulation. These common-source schemes
suppress common-mode noise and simplify mutual stabi-
lization, although they may suffer from limited spectral
bandwidth or number of comb lines. A third approach is the
single-cavity dual-comb architecture, where two pulse trains
or modes share the same cavity, providing passive mutual
coherence and reduced stabilization requirements. However,
such systems often face challenges such as cross-talk
between the single-cavity dual combs. This may arise from
multiple factors such as shared gain media, residual
coupling, nonlinear interactions, pump depletion, and envi-
ronmental perturbations. Excessive cross-talk can generate
parasitic RF signals, distort dual-comb spectra, reduce comb
independence, and degrade quantitative retrieval perfor-
mance. However, under certain conditions, controlled cross-
talk can also be advantageous. For example, Fellinger et al.
exploited the intrinsic intensity modulation present in a
single-cavity dual-color dual-comb laser to extend the ambi-
guity-free ranging distance while preserving interferometric
precision®. Nevertheless, these architectures provide a useful
framework for understanding the difference-frequency
generation (DFG)-, optical parametric oscillator (OPO)-,
microresonator-, QCL-, and THz-based dual-comb plat-
forms discussed in the following sections.

3 Mid-infrared dual-comb spectroscopy

In the strategically important mid-infrared bands, DCS is
still maturing compared to its well-established counterparts

in the visible and near-infrared ranges. Recent advances in
nonlinear platforms—including DFG, microresonator
frequency combs, and supercontinuum sources—have
enabled the extension of DCS into the mid-infrared molecu-
lar fingerprint region. This progress provides a solid founda-
tion for precise molecular identification and quantitative
analysis. This section reviews the latest developments in
mid-infrared DCS.

3.1 Difference-frequency generation (DFG)

DFG is a second-order nonlinear optical process in which
two input waves at frequencies w, and w, mix within a y®
medium to generate radiation at the idler frequency
Wigler = |w) — w,]*. In practice, the accessible wavelength
range is largely determined by the nonlinear medium: peri-
odically poled lithium niobate (PPLN) is the workhorse plat-
form for the 3-5 um range owing to its high effective
nonlinearity, mature fabrication technology, and flexible
quasi-phase matching, whereas longer-wavelength materials
such as GaS, GaSe, orientation-patterned GaP (OP-GaP),
and orientation-patterned GaAs (OP-GaAs) enable comb
generation in parts of the 5-20 pum region, where many
heavier and more complex molecules exhibit strong funda-
mental vibrational fingerprints. A comparison of representa-
tive nonlinear crystals for DFG-based mid-infrared comb
generation and DCS is summarized in Table 1.

Because the idler output directly inherits the coherence of
the inputs, DFG has become one of the most widely used
approaches for extending DCS into the mid-infrared region.
For instance, DFG between a near-infrared comb and a
continuous-wave (CW) laser has been widely used for
generating mutually coherent mid-infrared comb. A repre-
sentative example is the work of Baumann et al. (Fig. 2)¥,
where a mid-infrared OFC centered near 3.4 um was gener-
ated by DFG mixing an Er-doped fiber comb with a CW
laser in a PPLN. All optical frequencies were referenced to a
common ultra-stable cavity, resulting in an optical band-
width of about 4.5 THz and gas measurements with SNR as
high as 3500. Further extended spectral bandwidth (over 8
THz in a single-shot measurement) was achieved by using a
specialized PPLN crystal®. Meanwhile feed-forward stabi-
lization of the relative f., provided long-term coherence
exceeding half an hour with a quality factor of 1.1x10° s/,
By adjusting the crystal temperature and polarization
period, a measurement range of 82-100 THz could be
achieved.

While traditional DCS relies on mode-locked lasers with
complex phase-locking electronics, electro-optic (EO)
frequency combs have emerged as a simpler and more agile
alternative owing to their straightforward locking schemes
and flexible frequency control’'. Leveraging these advan-
tages, EO-based DCS based on DFG have been demon-
strated for mid-infrared spectroscopy (Fig. 3)*2. The DFG
process produces a flat-top mid-infrared DCS with tunable
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Table 1 | Representative nonlinear crystals for mid-infrared DFG-based comb generation. The nonlinear figure of merit is defined as d?/n?, with
units of pm?/V2. Here, d is the effective nonlinear coefficient and n denotes the refractive index.

Nonlinear process Crystal Nonlinear figure of merit (d?/n?) Transparency range (nm)
CdSiP; 247 660—6500
ZnGeP> 187 740-12000
Phase matching GaSe 143 650-18000
AgGasSe; 61 710-18000
BaGasSey 29 470-18000
AgGasS; 11 500-13000
OP-GaAs 245 900-17000
OP-GaP 164 600-11000
Quasi-phase matching PPLN 56 330-5500
PPKTP 38 350-4500
PPKTA 37 350-4000
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laser
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comb

CW-lasers

A A
I

Sensing comb

LP

LO comb

I\..

ar

FPGA

88 89 90

Y

Phase
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18.40 18.42

RF Frequency (MHz)
Fig. 2 | DFG-based DCS via PPLN. (a) Experimental setup and (b) Results with (c) enlarged view of the RF comb teeth. Figure reproduced

with permission from ref.?°, American Physical Society.

central wavelength and repetition rate, enabling spectral
measurements in the 3.15-3.5 pm range with Doppler-
limited resolution in milliseconds. To expand the tuning
range of the DCS, an EO-based DCS was generated in the
near-infrared, with a tunable OPO as the pump, and the
system used DFG to convert to mid-infrared region®. The
system covered the 3-4.7 um mid-infrared region, with a
comb repetition rate of 500 MHz, detecting approximately
440 comb modes and achieving an SNR of over 10° in one
second. To increase the single-shot spectral bandwidth,
cascading EO modulation combined with DFG has been
employed to generate mid-infrared DCS centered near 3.3

um, achieving a bandwidth of 442 GHz and a resolution of
50 MHz in a single measurement with a quality factor of
2.94x10° Hz'? in a 183.6 ms measurement time*!. Recently,
EO-based DCS in the 8 um region has been demonstrated
for cavity-enhanced chemical analysis®.

Despite their conceptual simplicity, comb-CW mixing
schemes are fundamentally limited by the low peak power of
the CW field, leading to weak nonlinear interaction and
consequently reduced mid-infrared output power and
optical SNR, especially beyond 5 pum®. To overcome
these limitations, pulse-based DFG schemes have been
widely explored. A signal frequency comb is mixed with a
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Fig. 3 | Schematic diagram of an EO modulated mid-infrared DCS based on DFG. (a) Layout of the system and (b) RF spectrum with (c)
enlarged view of the RF comb teeth. Figure reproduced with permission from ref.*?, Springer Nature.

femtosecond pump pulse in a nonlinear crystal such as
PPLN, enabling substantially higher peak intensities and
enhanced conversion efficiency. Using this approach, mid-
infrared output powers of 40-100 milliwatt (mW) in the
2.5-3.8 pm range and 1-10 mW in the 4-5 pum range was
demonstrated, sufficient to support open-path and long-
path spectroscopic measurements?’. These schemes require
precise control of the relative delay between the two pulse
trains, making the system sensitive to mechanical and ther-
mal drifts and limiting long-term stability.

To overcome these limitations, intra-pulse DFG (IP-DFG)
mixes different spectral components within a single ultra-
short pulse. This self-referenced process intrinsically
preserves temporal overlap and phase coherence, eliminat-
ing the need for external delay stabilization while enabling
broadband, high-power mid-infrared frequency comb
generation. By using a commercially available 1.56 pm
mode-locked laser, robust fiber amplification, and IP-DFG
in various y® nonlinear crystals, DCS has been extended to
cover spectral regions spanning approximately 3-13 pm
(Fig. 4). In a single-shot implementation, a broadband
DCS (6.6-11.4 um) was generated via IP-DFG in ZnGeP,
crystals, driven by sub-three-cycle (~20 femtoseconds, fs)
pulses at 2.4 pm®. The system achieved real-time acquisi-
tion rates of 0.1-12 seconds per spectrum, resolving over
240,000 comb modes with a spacing of approximately 80
MHz.

Table 2 compares various DFG-based mid-infrared DCS
implementations, highlighting their performance trade-offs.
In short, CW-pumped DFG emphasizes coherence and
frequency accuracy but is limited by low mid-infrared
power. EO-comb DFG offers compactness, electronic

tunability, and passive mutual coherence, whereas its band-
width is often limited and requires tuning or stitching.
Pulse-pumped DFG improves brightness in the 3-5 um
region but requires precise pulse synchronization and phase
correction. IP-DFG provides offset-free broadband access to
the long-wave mid-infrared, although it relies on few-cycle
drivers and suitable nonlinear crystals. Thus, DFG remains
one of the most flexible routes to mid-infrared DCS, while
its practical performance is often constrained by conversion
efficiency, phase matching, and long-term stabilization.
Future advances in mid-infrared DCS are expected to bene-
fit from wider transmission window crystals and higher-effi-
ciency nonlinear processes, paving the way for broadband
spectrum mid-infrared DCS with enhanced performance.

3.2 Mid-infrared DCS with OPOs

Beyond DFG-based approaches, OPOs constitute another
powerful platform for mid-infrared DCS. In an OPO, a
pump field drives parametric down-conversion in a nonlin-
ear crystal, giving rise to mutually coherent signal and idler
waves that simultaneously satisfy energy conservation and
phase-matching conditions. When pumped by OFCs, the
comb structure can be efficiently transferred to the mid-
infrared. A major advantage of OPO-based DCS is their
substantially higher output power and brightness, which
translate directly into enhanced SNR and faster acquisition
rates.

Early demonstrations of mid-infrared OPO-based DCS
employed synchronously pumped OPOs to access the C-H
stretching region near 3.3 pum, achieving approximately
172 nanometers (nm) bandwidth with GHz-level spectral
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Table 2 | Summary of representative DFG-based mid-infrared DCS architectures.

Resolution/comb

Architecture Spectral coverage e FOM Output power Main strengths Main limitations
CW- d DFG 82-100 TH
. pumpe - z . 1.1 x 108 Typically below High coherence and
with mode-locked  tunability; 8.2 THz Typically ~100 MHz Low MIR power
Hz2 40 100 pW frequency accuracy
combs?94° demonstrated span*®
Typically tunabl
ac{gg;atr?/e :n: (:n Electronically Compact,
CW-pumped DFG reqion. with H tunable 100-500 2.94 x 106  Typically sub-mW electronically agile, Limited instantaneous
with EO combs*>-4° 9 ' MHz; 50 MHz Hzv2 44 to ~1 mW and passively bandwidth
extension to
reported* coherent

7.77-8.22 pm*

S T Typically tunable

the order of

High brightness and

Typically several Requires precise

across the 2.6-5 pm Typically ~100 MHz broad 3-5 pm L
DFG* . 2 ypicaty 108 Hz¥2 4  mW to ~100 mW B pulse synchronization
region coverage
Offset-free Requires few-cycle
3-13 ym source  Typically ~100 MHz; ) ) q . y
7.3 x 108 mW-level“é; up to generation with drivers and
IP-DFG#84° coverage®s; 6.6-11.4 1 GHz source . .
M latform:® Hz/249 300 mw* broad long-wave specialized nonlinear
H P MIR access crystals

resolution®’. Later implementations used pairs of ultra-
broadband subharmonic OPOs pumped by phase-locked
thulium-fiber combs. These systems achieved spectral cover-
age spanning approximately 3.1-5.5 um, resolving more
than 3.5x10° comb teeth with single-interferogram acquisi-
tion times as short as 7 ms. In addition, ppb-level detection
sensitivity and inter-comb relative linewidth of 25 millihertz
were demonstrated®'.

In parallel, efforts have also been made to reduce system
complexity by relaxing phase-locking requirements. A
simpler architecture based on two free-running femtosec-
ond OPOs has demonstrated that absolute optical precision
can be recovered by simultaneously measuring f; and feo,
without the need for optical phase locking (Fig. 5)*>. Their
system achieved a resolution of about 0.5 inverse centime-
ters (cm™) and an optical bandwidth greater than 60 nm for
gas monitoring. Despite these advantages, the presence of an
optical cavity inherently makes OPOs sensitive to environ-
mental perturbations. As a result, stable OPO-based DCS
operation typically requires complex active stabilization
schemes, which increase system complexity and limit long-
term stability.

To address these challenges, single-cavity OPO architec-
tures have been proposed and experimentally demonstrated.
By sharing a common cavity (Fig. 6), single-cavity OPOs
intrinsically suppress relative noise between the two combs,
enabling time-resolved DCS with a bandwidth of approxi-
mately 300 nm around 3.3 pm, a spectral resolution of 6
GHz, and a temporal resolution of 20 ps*. Recent advance-
ments have further improved the practicality, stability, and
output power of OPO-based DCS. For example, single-
cavity, free-running dual-comb OPOs generating two idler
combs near 3.5 pum have demonstrated output powers with
245 mW per branch and a relative intensity noise lower than
—-158 dBc/Hz*. More recently, the same research direction
was extended in two important ways. First, a widely tunable
free-running OPO combined with dual-comb and cross-
comb detection enabled high-sensitivity spectroscopy across
the infrared, with signal tuning from 1300 to 1670 nm and
idler tuning from 2700 to 5000 nm®*. Second, dual-comb
operation was pushed to a 1 GHz repetition rate in a
femtosecond OPO, demonstrating that high repetition rates
can be combined with the compactness and mutual-coher-
ence advantages of shared-cavity architectures; this
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platform also enabled 41 m open-path CH4 measurements
without active frequency locking®®.

To highlight the main architectural trade-offs, representa-
tive OPO-based mid-infrared DCS systems are compared in
Table 3. OPO-based DCS has evolved from high-power

broadband implementations toward architectures with
reduced stabilization complexity and improved practical
sensitivity. Phase-locked subharmonic OPOs provide
broad instantaneous coverage and excellent coherence, but
require complex pump-comb and OPO-cavity stabilization.
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Table 3 | Summary of representative OPO-based mid-infrared DCS architectures.

Architecture Spectral coverage Resolution

FOM

Output power Main strengths Main limitations

High MIR brightness Complex pump-

OPO-based high- . Adjusted from a few and broad comb and OPO-
power DCS®05t 3.1-5.5um Typically tens MHz ~1.3x10° Hz*% = mW to ~70 mW instantaneous  cavity stabilization is
coverage required
Free-running OPO-  Typically tunable Free-running
DCS with frequency across the 2.7-5 pm 0.5 cm™ resolution ~ FOM N.R.%? ~100 mW Simpler operation fluctuations limit
calibration®? region coherent averaging
Cross-talk and
Single-cavity / : Suppress relative reduced
shared-cavity OPO Typically tunable - 80 MHz to 1'03 GHz 3.5 x 108 Hz¥2%  200-320 mW noise and support independent comb
. - over 2.7-5.0 ym comb spacing . .
architectures®3-¢ high per-line power  control must be
considered
Free-running OPO-DCS simplifies operation through RF-  based approaches.

based calibration or spectral registration, although coherent
averaging and frequency accuracy remain limited by free-
running fluctuations. Single-cavity and shared-cavity OPOs
further suppress relative noise and support high per-line
power, but careful management of cavity dispersion, spec-
tral overlap, and comb-to-comb cross-talk is required.
Owing to their excellent power scalability and spectral
tunability, OPOs have emerged as a leading solution for
high-performance mid-infrared DCS. Nevertheless, the
wavelength coverage of OPO-based DCS is ultimately
constrained by the transparency and phase-matching condi-
tions of the nonlinear crystals employed, with most practi-
cal implementations operating predominantly in the 3-5 um
spectral region. Extending OPO-based DCS toward longer
mid-infrared wavelengths often requires specialized materi-
als and increasingly complex cavity designs, which can
further limit system robustness and scalability. In contrast,
QCLs inherently emit in the mid-infrared and can directly
provide frequency comb operation at wavelengths beyond 3
pm, as discussed in the following section.

3.3 QCL-based mid-infrared DCS

QCLs are unipolar semiconductor lasers based on engi-
neered intersubband transitions in semiconductor quantum
wells, providing direct access to the mid-infrared spectral
region beyond 3 pm. In QCL-based frequency combs, multi-
ple longitudinal modes are intrinsically phase correlated
through strong intracavity nonlinear interactions, primarily
four-wave mixing enabled by the ultrafast gain dynamics of
the active medium. This self-phase-locking mechanism
allows QCLs to operate as compact, electrically pumped
mid-infrared frequency comb sources without external
nonlinear conversion stages. Owing to their high output
power, direct long-wavelength emission, and inherently
comb-like multimode operation, QCL-based OFCs are
particularly well suited for DCS, especially in spectral
regions that are difficult to access with DFG-based or OPO-

Early studies demonstrated room-temperature QCL-
based frequency comb operation at wavelengths around 7
um*. The device exhibited a relative bandwidth of 4.4%,
indicating that four-wave mixing within the QCL cavity can
spontaneously generate a frequency comb without active
mode locking. Building on these advances, QCL-based DCS
was subsequently demonstrated>, with overlapping spectral
bandwidths approximately 15 cm™ and comb tooth spacing
precision down to the millihertz level. To further improve
integration and long-term stability, the team developed a
chip-on architecture®. This system operated around a wave-
length of 7.5 um, providing a 32 cm™! overlapping spectral
bandwidth and demonstrated broadband mid-infrared
performance with a GHz-level repetition rate.

Recent progress in QCL-based DCS includes stabilization
of the comb degrees of freedom. Coherent injection locking
provided an all-electrical route to stabilizing QCL combs by
locking the repetition frequency to a radio-frequency refer-
ence®, while preserving comb coherence in a compact plat-
form. More recently, mid-infrared QCL dual-comb systems
have been further stabilized and frequency referenced using
a single-mode QCL reference, which improves the accuracy
of the frequency axis®. Optical injection has also been used
to synchronize two QCL combs by locking one comb line
from each source to a common master laser, thereby
synchronizing their offsets and, together with electrical lock-
ing of the repetition frequencies, enabling stabilized dual-
comb operation®.

Substantial efforts have also been devoted to extending
the output power and spectral coverage of QCL-based DCS.
High-power QCL frequency combs with watt-level output
and center wavelengths near 8 um have been demonstrated
through dispersion-engineered active regions, achieving
optical bandwidths approaching 85 cm™'. When imple-
mented in DCS configurations, these sources have enabled
the generation of 215 comb lines spanning more than 70
cm! of optical bandwidth®. Concurrently, QCL-based DCS
was extended to different central wavelengths®®. For
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high-precision spectral measurements, gapless spectral cove-
rage has been achieved using free-running QCL-based DCS
with current-tuned frequency combs. In this approach, each
comb provided an optical bandwidth of 55 cm™ with several
hundred milliwatts of power, enabling continuous spectral
coverage with a resolution of 0.001 cm™! (see Fig. 7).

Complementary techniques based on step-scan current
tuning have also been developed to construct MHz-level
frequency-axis calibration, with demonstrated operation
around 1308 cm™! over a 50 cm™! span and GHz-level repeti-
tion rate®’. These experiments achieved MHz-level precision
without requiring external phase-locking, highlighting the
inherent frequency stability and electronic tunability of the
QCL comb. To further extend the detection range, a long-
wave infrared DCS was presented, based on QCLs emitting
at a central wavelength of 9 pm with watt-level output
power®.

Taken together, QCL-based DCS provides direct access to

the molecular fingerprint region with compact, electrically
pumped sources, typically operating from 5 to 10 um.
Reported systems generally offer optical spans of several tens
of inverse centimetres, native comb spacings of 7.5-15 GHz,
and output powers from milliwatts to watts. Their high repe-
tition frequencies enable rapid spectral refresh and sub-
microsecond time resolution, while current tuning and spec-
tral interleaving can improve the effective sampling interval
to the megahertz or sub-megahertz level. However, the large
native mode spacing limits direct sampling of narrow
molecular features, and spectral interleaving improves reso-
lution at the cost of acquisition speed and complexity. In
addition, the instantaneous spectral coverage is typically
narrower than that of broadband DFG- or OPO-based
systems, while frequency accuracy and coherent averaging
remain sensitive to phase noise, thermal and current
fluctuations, and dispersion. Consequently, QCL-based
DCS is particularly attractive for compact, high-power, and
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Fig. 7 | Absorption (top) and dispersion (bottom) spectra of methane. The insets show zooms of the data in the highlighted regions. Figure
reproduced with permission from ref.5¢, under the terms of the OSA Open Access Publishing Agreement.
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high-speed sensing in selected fingerprint bands, whereas
broadband and high-accuracy spectroscopy generally
requires additional stabilization, calibration, or computa-
tional correction. The potential applications of QCL-based
DCS have been extensively discussed in recent reviews®.

3.4 On-chip mid-infrared DCS

Mid-infrared DCS generation on integrated photonic plat-
forms has advanced through three representative nonlinear
mechanisms: microresonator-based Kerr combs, nanopho-
tonic supercontinuum generation (SCG), and waveguide-
based DFG”’. Microresonator Kerr combs rely on cascaded
four-wave mixing under continuous-wave pumping to
generate dissipative Kerr solitons, which can be further
broadened through careful dispersion and cavity design.
SCG exploits soliton dynamics and dispersive-wave emis-
sion in dispersion-engineered nanophotonic waveguides to
coherently extend near-infrared combs toward longer wave-
lengths. In contrast, waveguide-based DFG schemes exploit
intrapulse interactions to enable broadband, phase-matched

frequency down-conversion into the mid-infrared region.
Together, these approaches provide complementary routes
toward chip-scale, broadband, and mutually coherent mid-
infrared DCS.

Silicon-chip-based mid-infrared DCS has been realized
using Kerr nonlinearity in CW-pumped microresonators
(Fig. 8), generating mutually coherent combs spanning
2.6-4.1 pym’". Due to the ultra-short cavity length, such Kerr-
comb sources feature large mode spacing and high pulse
energy, resulting in high SNR and fast speed. Beyond Kerr-
comb implementations, nanophotonic SCG offers an alter-
native route toward integrated mid-infrared DCS, as illus-
trated in Fig. 9. This scheme employed dispersion-engi-
neered Si3zN4 waveguides to coherently extend near-infrared
combs to 2.5-3.7 um via soliton dynamics and dispersive-
wave emission, realizing a fully integrated mid-infrared
DCS”. To further enhance coherence and integration,
a counter-propagating soliton microresonator DCS has
been developed based on interleaved DFG’. This scheme
generated two mutually coherent mid-infrared combs
centered near 3.3 um with line spacings of 1.4-2.8 GHz. In
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parallel, efforts have also focused on increasing output
power and spectral coverage, a waveguide-type PPLN DFG
device generated mW-level mid-infrared DCS spanning
2.7-4.6 pm, which were successfully applied to gas-phase
absorption spectroscopy’®. Further reduction of system
complexity was achieved through IP-DFG in LiNbO3; waveg-
uides, yielding a compact mid-infrared DCS covering 3-4
pum (~25 THz bandwidth) with 100 MHz resolution and
excellent long-term stability for methane detection”.

Recent advances in soliton microcomb engineering have
further improved the prospects of microresonator-based
DCS. Although most demonstrations have been performed
in the near-infrared and telecom bands, the underlying tech-
niques are relevant to future mid-infrared and THz DCS
because they improve comb stability, spectral quality, and
dispersion control. For example, Fu et al. demonstrated soli-
ton microcomb generation using cavity polygon modes in a
lithium-niobate microresonator, showing the benefits of
mode engineering for dispersion management’. Liu et al.
reported soliton microcombs with nearly ideal spectral
envelopes in silicon oxynitride microresonators, which are
promising for low-noise spectroscopy and ranging applica-
tions”’. These advances highlight the importance of soliton
and dispersion control for developing compact and coher-
ent on-chip DCS sources.

Table 4 compares integrated mid-infrared DCS platforms
and their trade-offs. Kerr combs enable high per-line power
and fast acquisition but typically have large comb spacing.
Nanophotonic SCG provides broad and coherent spectral
coverage with relatively dense sampling, while requiring

amplified femtosecond pumping and careful dispersion
engineering. Waveguide-based DFG, including microcomb-
assisted interleaved DFG and intrapulse DEFG, offers
compact and efficient wavelength conversion with flexible
comb spacing, although its performance is limited by phase
matching, waveguide dispersion, loss, and detector response.
These advances have expanded the accessible mid-infrared
range from 2.6-4.6 pum, corresponding to more than 40 THz
of spectral coverage. The technological evolution from bulk-
crystal DFG to integrated waveguides, nanophotonic SCG,
and Kerr microresonator combs demonstrates a clear trend
toward on-chip, broadband, and highly coherent mid-
infrared DCS.

Taken together, a key requirement for implementing DCS
is the availability of coherent frequency combs operating
within the target spectral range. While OFC technology in
the near-infrared band has become increasingly mature,
comb generation in the mid- and far-infrared regions is still
under active development. As summarized in Fig. 10, DCS
demonstrations across different spectral regions exhibit
pronounced variations in spectral resolution, frequency
accuracy, SNR, and system-level error control, reflecting the
strong dependence of DCS performance on the maturity of
OFC technology in the corresponding wavelength range.

4 THz spectroscopy

THz waves, spanning approximately 0.1-10 THz, occupy
the spectral region between microwaves and infrared light.
In recent years, advances in optical frequency comb
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Table 4 | Summary of representative On-chip mid-infrared DCS architectures.
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technology have opened a transformative route into the THz
domain. Broadband THz frequency combs are currently
realized via two principal technological approaches, each
offering distinct advantages. The first relies on optical down-
conversion: femtosecond lasers drive photoconductive
antennas (PCAs) or EO crystals to generate THz combs with
wide spectral coverage (e.g., 0.1-4 THz) and dense line spac-
ing, well suited for broadband, high-resolution spec-
troscopy. The second approach is based on direct THz
generation, most prominently using fully stabilized QCL
combs. These sources provide high power per comb line and
exceptional fractional frequency stability, reaching the 10-!2
level, making them particularly advantageous for high
signal-to-noise measurements, especially in strongly absorb-

ing molecular bands. THz frequency combs generated by
both methods enable direct frequency comparison between
THz clocks and optical clocks, effectively linking THz
frequencies to the optical standards traceable to the Interna-
tional System of Units (SI).

4.1 Broadband THz frequency comb spectroscopy

Broadband THz frequency combs are predominantly gener-
ated via optical-to-THz conversion, in which femtosecond
optical frequency combs serve as the pump sources. As a
result, the temporal and spectral properties of the THz comb
are fundamentally inherited from those of the driving opti-
cal comb. In the time domain, the pulse duration of the

260015 (Page 13 of 29)


https://doi.org/10.29026/oet.2026.260015

Wan ZR et al. Opto-Electron Technol 2, 260015 (2026)

https://doi.org/10.29026/0et.2026.260015

femtosecond comb determines the achievable THz spectral
bandwidth: shorter optical pulses correspond to broader
THz spectra. Meanwhile, precise control of the pulse repeti-
tion rate and timing sequence is essential for constructing
stable THz frequency combs, and it underpins high-preci-
sion sampling techniques such as asynchronous optical
sampling (ASOPS). In the frequency domain, the stability of
the optical comb directly governs the linewidth, phase
coherence, and long-term stability of the generated THz
comb. Through mode-locking and frequency-stabilization
techniques?, an ultrastable and highly coherent optical
frequency comb can be realized. These attributes are subse-
quently transferred to the THz regime via nonlinear
frequency conversion, yielding a THz frequency comb with
exceptionally narrow linewidth and well-defined absolute
frequencies. This direct transfer of coherence and frequency
accuracy establishes a solid foundation for ultrahigh-preci-
sion THz spectroscopy, precision frequency metrology, and
coherent detection applications.

THz dual-comb spectroscopy (THz-DCS) was developed
to overcome the resolution limitations inherent to conven-
tional mechanical delay-line systems. By employing two
frequency combs with slightly detuned repetition rates to
implement ASOPS, THz-DCS eliminates mechanical scan-
ning and maps the fast THz time-domain signal into a
radio-frequency domain. This strategy significantly
enhances both spectral resolution and acquisition speed. The
performance of THz-DCS critically relies on precise stabi-
lization of the optical combs and effective suppression of
their relative timing jitter. To maintain long-term mutual
coherence, advanced techniques such as adaptive sampling
and common-path single-cavity dual-comb (SCDC) laser
architectures are employed. These approaches ensure stable
multi-heterodyne detection and enable high-precision,
Doppler-limited spectroscopic measurements across the
THz band. A pioneering demonstration was reported in
2006 by Yasui et al.”¥, who realized broadband multimode
THz frequency comb detection using a multi-heterodyne
scheme. They achieved a comb spacing of 81.8 MHz and a
frequency accuracy of 2.5x1077, marking the first successful
extension of near-infrared dual-comb spectroscopy into the
THz regime.

In 2015, Finneran et al.”” reported a THz-DCS system that
simultaneously achieved decade-spanning bandwidth and
kilohertz-level comb linewidth, effectively addressing the
longstanding trade-off between spectral coverage and
frequency accuracy in the THz regime. Their comb source
covered 0.15-2.4 THz with an 80 MHz mode spacing and
exhibited a single-comb-tooth linewidth of 3.7 kHz, corre-
sponding to a relative precision of 1.8x10~°. In measure-
ments of water vapor transitions, the system attained an
accuracy of 6.1x107%, reaching Doppler-limited precision
(Fig. 11(a, b)). Notably, this performance was realized in a
fully room-temperature platform, establishing a practical
and powerful tool for frontier applications such as astro-

physics and high-resolution molecular spectroscopy.

To overcome the limitation imposed by the discrete comb
mode spacing in broadband spectral sampling, Yasui et al.*
introduced a swept THz-DCS interleaving technique in
2017. By finely tuning the comb parameters and interleav-
ing successive spectra, they achieved an effective sampling
interval of 2.5 MHz—equal to the comb-tooth
linewidth—and a frequency accuracy of 8.39x1077 in
measuring the 19 ¢ 1¢; rotational transition of water vapor
(10 Pa) at 0.557 THz (Fig. 11(c-e)). This approach signifi-
cantly enhanced spectral point density without sacrificing
accuracy. Building on these advances, Konnov et al.®! gener-
ated an ultrabroadband THz frequency comb spanning
1.5-45 THz while maintaining an 80 MHz comb spacing
and a 10 MHz effective resolution through spectral inter-
leaving. In measurements of CO, and C,H, gases at 4 mbar,
the system successfully resolved absorption features with
linewidths as narrow as 66 MHz (Fig. 11(f)), demonstrating
strong potential for rapid, high-precision molecular finger-
printing across an exceptionally wide spectral range.

Technological advances such as SCDC lasers and adap-
tive compensation schemes—originally developed for opti-
cal dual-comb systems—have now been successfully trans-
lated to the THz domain. Their implementation has
markedly reduced the complexity of THz frequency comb
systems by eliminating the need for fully independent comb
stabilization. The intrinsic “passive coherence” of SCDC
architectures provides a robust platform for high-precision,
high-resolution THz measurements. For example, Hu et al.*?
realized broadband THz spectroscopy spanning 0-2 THz
using an SCDC-based system. By incorporating an intracav-
ity Lyot filter to tailor the gain spectrum and compensate
dispersion, they achieved stable dual-comb operation and
high-precision measurements of rotational transitions in
acetonitrile (CH3CN). For 39 resolved absorption peaks, the
measured frequencies deviated by only 563 MHz from the
JPL database values, demonstrating both practical system
simplification and reliable broadband detection capability.
Further improvements in long-term stability were demon-
strated by Nakajima et al.*, who implemented an SCDC
configuration based on a mechanically shared, fully polar-
ization-maintaining fiber laser structure. This design
achieved an Allan deviation as low as 0.02 Hz at a 1 s averag-
ing time and enabled high-precision identification of water
vapor absorption lines across the 0.1-1.5 THz range. These
developments highlight the effectiveness of SCDC-based
architectures in enhancing coherence, stability, and practi-
cality for THz dual-comb spectroscopy.

To mitigate the non-uniform sampling arising from
frequency-offset drift in SCDC systems, Chen et al.?®
proposed an adaptive sampling scheme based on a free-
running SCDC fiber laser. As shown in Fig. 12(a, b), their
method dynamically corrected timing fluctuations without
requiring tight phase locking, enabling mode-resolved THz
dual-comb spectroscopy. The system achieved a spectral
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Fig. 11 | Schematic diagram and typical results of a dual-comb system based on mode-locked lasers. (a) Fourier transform of a 225 ns THz
pulse train in delay time yields a frequency comb that extends up to 2.4 THz, with a 4.4 MHz tooth width. (b) The tooth width of the THz comb
can be reduced to 3.7 kHz by extending the time-domain measurement to 268 us in delay time. (c) The THz comb spectrum near 0.557 THz.
(d) Amplitude spectrum of a spectrally interleaved THz comb over the same frequency range. By sweeping the repetition rate and superimpos-
ing 10 measurements, the discrete spectrum is effectively filled in, revealing a clear absorption dip. (e) Pressure broadening characteristics of
the rotational transition 119 < 101 in water vapour. (f) High-precision mid-infrared application: By combining eight sets of measurements from
frequency-offset combs (different colored dots), the effective spectral sampling interval is densified from 80 MHz to 10 MHz, precisely resolv-
ing the absorption profile of acetylene (CzH;) at 730.85 cm™ with a linewidth of 66 MHz. Figure reproduced with permission from: (a, b) ref.”?,
American Physical Society; (c—e) ref., (f) ref.8:, under a Creative Commons Attribution License.

resolution of 48.8 MHz and a comb-tooth linewidth of 4.88
MHz, demonstrating that high-quality THz-DCS can be
realized even with a simplified stabilization strategy. In
contrast, Xia et al.* pursued enhanced long-term stability by
incorporating real-time clock correction into a THz-DCS
platform. Their approach extracted optical beat-frequency
signals and applied loose active frequency stabilization to
compensate for slow drifts, substantially improving opera-
tional robustness. The system maintained continuous opera-
tion for over 1200 hours and achieved a spectral resolution
of 66.14 MHz, an ultranarrow comb-tooth linewidth of 1.9
kHz, and a relative frequency accuracy of 1.7x10~° (Fig.
12(c)). Together, these strategies—adaptive sampling and
real-time clock correction—illustrate complementary path-
ways toward simplifying THz-DCS architectures while
preserving high resolution, narrow linewidth, and long-term

stability.

4.2 Electro-optic comb-based THz DCS

According to existing reports, THz frequency combs gener-
ated from mode-locked lasers (MLLs) typically achieve a
relative frequency precision on the order of 107, corre-
sponding to comb linewidths in the kilohertz range. Achiev-
ing higher precision requires tightly stabilizing the femtosec-
ond optical comb to an ultra-stable CW reference laser.
While this strategy can substantially improve long-term
frequency accuracy, it introduces significant technical chal-
lenges. In particular, the broadband phase noise intrinsic to
femtosecond combs is difficult to fully suppress due to the
finite bandwidth of electronic phase-locked loops. As a
result, residual noise limits coherence transfer, and the overall
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Fig. 12 | Adaptive THz comb spectrum. (a) Comparison of time-domain waveforms averaged 100000 times under different sampling clocks. (b)
Comb-mode-resolved THz spectrum obtained in ambient air at room temperature and pressure. (c) Fourier transform of a frequency comb
synthesized from 68524 consecutive THz pulses using adaptive clocking, covering up to 1.2 THz with a comb linewidth of 1.9 kHz and a peak
dynamic range of 35 dB. Figure reproduced with permission from: (a, b) ref.?¢, (c) ref.®*, under a Creative Commons Attribution license.

system becomes considerably more complex, bulky, and less
practical for widespread deployment. In addition, the cavity-
defined repetition rate of MLLs inherently restricts the
tunability of the comb line spacing, typically to within ~1%
of the nominal repetition frequency. This limited flexibility
constrains their applicability in scenarios that demand finely
adjustable frequency grids, such as resolving closely spaced
hyperfine transitions in gas-phase molecules.

Recently, EO combs have emerged as a compelling alter-
native. Because they are directly synthesized from a single-
frequency CW laser—often referenced to an atomic

clock—their frequency stability is passively inherited from
the microwave or optical reference. Furthermore, EO combs
offer wide and continuous tunability of both comb spacing
and carrier frequency, together with a comparatively simple
and robust architecture. These features make EO-comb-
based THz systems particularly attractive for high-precision,
flexible, and field-deployable spectroscopic applications. As
an early demonstration of the potential of EO combs in the
THz domain, Jerez et al.*> developed an absolute-frequency
THz dual-comb spectrometer based solely on electro-optic
modulators and standard telecom components. The
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Transmission spectra of HCN vapor in 0.22-0.32 THz. Figure reproduced with permission from ref.86, under a Creative CommonsAttribution

License.

working principle is shown in Fig. 13. In this design, a single
optical line filtered from a master frequency comb via opti-
cal injection locking serves as the seed for the electro-optic
generation of two new combs, designated as the probe and
the local oscillator. These two combs, together with another
coherent line selected from the same master comb, are
photomixed in a photoconductive antenna to produce a

THz dual-comb characterized by narrow linewidth and
comb teeth frequencies traceable to a radio-frequency stan-
dard. The system provides a tunable center frequency from
0.09596 to 0.49596 THz, a fixed comb spacing of 100 MHz, a
temporal resolution of 10 ps, and absolute frequency accu-
racy®. Long-term stability characterization reveals a
frequency drift of less than +2.5 Hz over 90 minutes, with
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the 3 dB linewidth below the resolution bandwidth of the
spectrum analyzer—indicating high mutual coherence. The
overlapped Allan deviation exhibits a fractional frequency
instability between white frequency modulation and flicker
frequency modulation. With an integration time of 400 ps,
the system achieves an average signal-to-noise ratio of 102
over 75 spectral lines, corresponding to a figure of merit of
3.83x10° at 1 second. This architecture eliminates the need
for dual stabilized femtosecond lasers, offering a compact,
cost-effective, and highly flexible solution for high-resolu-
tion THz spectroscopy.

Building on the capabilities of EO combs for precise spec-
tral measurements, Fang et al.*® demonstrated a swept dual-
comb hyperspectral imaging system in the THz regime by
combining a static dual EO comb source with a linearly
swept CW mixer. Operating over the 0.22-0.32 THz range,
the system achieved a frequency resolution of 50 MHz
together with millimeter-scale spatial resolution. This
configuration enabled simultaneous material identifica-
tion—demonstrated through the detection of methanol and
hydrogen cyanide absorption features—and high-resolution
imaging (Fig. 14(a, b)), highlighting the potential of dual-
comb techniques for integrated spectroscopic imaging in the
THz band.

In a different strategy, Stroud et al.*” developed a dual
chirped-pulse EO frequency comb system for THz spec-
troscopy. By employing chirped pulses with distinct band-
widths in the local oscillator and detection arms, and apply-
ing phase-sliding signal processing, they synthesized
approximately 3180 effective comb lines in the radio-
frequency domain. This approach enabled the simultaneous
acquisition of steady-state absorption spectra and transient
kinetic responses of formic acid in the 0.3-0.6 THz region,
successfully resolving densely spaced and partially overlap-
ping rotational transitions.

Despite these advances, EO-comb-based THz implemen-
tations remain limited in bandwidth and intrinsic comb line
density, which are often restricted to only a few dozen physi-
cal comb modes in the THz domain. Extending the spectral
coverage typically requires broadband femtosecond EO
combs generated through nonlinear spectral broadening.
However, such nonlinear processes tend to introduce excess
phase and amplitude noise, leading to comb linewidth
broadening and degraded mutual coherence. These trade-
offs between bandwidth expansion and spectral purity
continue to pose key challenges for high-precision, broad-
band THz EO-comb systems.

A strategy to overcome these limitations is to use spectral
multiplication in a multi-wavelength laser (MWL), thereby
avoiding the conflict between noise and bandwidth®. In
their scheme, a narrowband EO comb (with a free spectral
range of ~1 GHz) is optically injected into a semiconductor
MWL monolithically integrated with a phase-controlled
feedback cavity (Fig. 15(a)). Owing to the intrinsic mode
coupling within the MWL, the injected comb is spectrally

multiplied to multiple longitudinal modes separated by up
to 1.3 THz (Fig. 15(b)), effectively generating several sub-
combs that inherit the coherence of the original EO comb.
By tuning the feedback phase on a nanosecond timescale,
the system achieves agile switching between multiplied
combs centered at different THz-range offsets (e.g., 26 GHz,
54 GHz, and 1.3 THz) with an extinction ratio exceeding 30
dB (Fig. 15(c, d)). Moreover, by adding an extra tone to the
injected comb, cascaded phase locking among the multi-
plied sub-combs can be realized, yielding beat notes with
sub-hertz linewidths. This approach demonstrates that THz-
range comb multiplication can be achieved without nonlin-
ear spectral broadening, thereby preserving the low phase
noise of the EO comb while significantly extending its effec-
tive bandwidth (Fig. 15(e)).

Addressing the same bandwidth and noise challenges
from a different perspective, a broadband THz frequency
comb generated by a photoconductive antenna (PCA)
driven with a low-noise near-infrared EO comb was recently
reported® (Fig. 16(a)). The central innovation is a combined
self-frequency-shifting and spectral-filtering scheme that
efficiently suppresses the broadband phase noise of the EO
comb, thereby eliminating the need for complex active
phase-locking loops. This strategy enables the simultaneous
realization of ultrawide spectral coverage (0.05-4 THz) (Fig.
16(b)), an ultranarrow comb linewidth of 0.3 Hz, and
outstanding frequency stability of 8.6x107* at 1 s averaging
time (Fig. 16(e)). Through asynchronous optical sampling,
approximately 36000 comb lines were resolved across the
THz band, demonstrating both high spectral density and
long-term coherence. In addition, the system provides rapid
and wide-range tunability of the comb spacing, further
enhancing its flexibility for precision measurements. By
combining broadband coverage, sub-hertz linewidth, and
exceptional stability within a comparatively simplified archi-
tecture, this work establishes a metrology-grade platform for
broadband THz frequency combs, offering substantial
potential for high-resolution spectroscopy and precision
frequency metrology.

4.3 THz-QCLs

Since its theoretical inception of QCLs by Kazarinov and
Suris in 1971%, it has undergone substantial development,
particularly in the THz spectral region. In 1994, Faist and his
collaborators at Bell Labs successfully developed the first
QCL based on the InGaAs/AllnAs/InP material system”. A
major milestone was reached in 2002, when Koéhler et al.”
successfully demonstrated the first THz QCL. QCLs have
since emerged as promising sources for THz generation and
frequency comb operation due to the strong four-wave
mixing (FWM) nonlinearity induced by spatial hole burn-
ing (SHB), along with a balance between Kerr nonlinearity
and group velocity dispersion (GVD)**!. However, free-
running THz QCLs face challenges as low-noise frequency
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Fig. 15 | THz-range agile frequency comb spectral multiplication using a feedback-controlled semiconductor MWL. (a) Experimental setup. To
generate the EO-comb, the light from an external cavity laser (ECL) is sent through a Mach-Zehnder modulator (MZM, V=6 V) driven by an
arbitrary waveform generator(AWG). The polarization and strength of this injected signal is adjusted with a polarization controller (PC) and an
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lensed fiber (LF). A high-resolution (5 MHz RBW) optical spectrum analyzer (OSA) records the output spectrum. An optical bandpass filter
(BPF) followed by a high-speed photodiode (40 GHz BW) is used to select a sub-comb which is then analyzed by an electrical spectrum
analyzer (ESA). (b) Optical spectrum of the re-generated and multiplied combs when the feedback is off (Isopa2 = 0 mA) and the narrowband
comb is injected around A3. The dashed lines indicate the wavelengths A1 to A4 of the residual longitudinal modes of the MWL. Without feed-
back, the frequency comb is multiplied at around A4. (c) Optical power of the various sub-combs as a function of the voltage, VEOPM, applied
to the EOPM for Isoa2z = 21 mA and comb injection around A3. Comb switching occurs between the multiplied combs at around A1, A2, and A4.
(d) Optical spectral for various Veopm values: V41 =0V, Vo =3V, V3=46V, V4=7V,and V5 =8 V. (e) RF spectrum of the resulting beating
between the tones of each comb (multiplied and re-generated). The low (< 1 Hz) linewidth, limited by the RBW of the ESA (1 Hz), shows that
the coherence of the injected comb is preserved after the injection. Figure reproduced with permission from ref.?¢, under a Creative Commons
Attribution License.

comb sources due to phase noise originating from instabili-
ties in both carrier frequency and repetition rate. Achieving
stable comb operation requires minimizing GVD*, with
methods such as Gires-Tournois interferometers or double-
chirped mirrors used to adjust the overall dispersion
profile’”*8. Active stabilization techniques have been devel-
oped to stabilize the repetition frequency and enhance mode
stability and spectral coverage”~'®. Phase-locking strategies
further stabilize the offset frequency'®*'®. Furthermore,
passive stabilization techniques, such as integrating a
saturable absorber into the laser cavity, promote stable pulse

oscillation by selectively absorbing weaker background
components!®107,

Unlike conventional mode-locked lasers, THz-QCL
combs predominantly rely on ultrafast gain dynamics and
intracavity four-wave mixing to establish phase coherence
among longitudinal modes. The picosecond-scale carrier
lifetime in QCL active regions enables efficient mode
coupling, while the interplay between SHB-induced gain
modulation, Kerr nonlinearity, and waveguide dispersion
governs comb formation and stability’*!°*1%. Consequently,
even small residual GVD can disrupt phase-matching
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conditions, resulting in comb state degradation or transi-
tion into high-phase-noise regimes. This sensitivity becomes
increasingly pronounced as the spectral bandwidth is
extended toward octave-spanning operation.

Although THz QCLs are compact semiconductor sources
of high-power THz radiation, their narrowband emission
makes them unsuitable for complex spectroscopy. To
enhance the bandwidth of THz QCLs, Qing Hu et al. applied
visible wavelength dispersive compensation technology to
THz QCLs, demonstrating that arbitrary gain media can be
fabricated to generate passive comb structures. Such combs
cover a frequency range of nearly 500 GHz, featuring over
70 lines with a frequency of 3.4 THz, achieving performance
improved by nearly an order of magnitude compared to
active mode locking methods!'’. In Fig. 17(a—c), for THz
QCL DCS, the team demonstrated the first multi-hetero-
dyne spectroscopy using two THz QCL combs. Within a 250
GHz spectral range, they achieved an average signal-to-noise
ratio (SNR) of 34 dB when using cryogenic detectors and 24

dB with room-temperature detectors, completing the
measurement in just 100 ps''’. Further, the team expanded
the potential of this technology in the THz region for gas
spectroscopy by achieving, for the first time, millisecond-
level time resolution measurements of gaseous molecular
samples using QCL-based THz-DCS, thereby demonstrat-
ing the feasibility of utilizing QCL OFC for high-time-reso-
lution THz-DCS!'}, as shown in Fig. 17(d).

To overcome the limitation of THz QCL lacking a sensi-
tive and fast detector, Jerome Faist et al. developed a dual
comb structure that does not require a fast detector, thereby
reducing the footprint of the device and eliminating addi-
tional optical components. In Fig. 18(a—c), the team utilized
one of the combs as a detector to measure the multi-hetero-
dyne beatnote signals from two sets of freely running THz
QCL frequency combs, fully exploiting the unique charac-
teristics of the quantum cascade active region. Up to 30
modes can be detected, corresponding to a spectral band-
width of 630 GHz for the dual-comb configuration''?. While
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on-chip dual-comb systems are compact, their application in
real substance detection is hindered by structural limita-
tions. In double-metal waveguide QCLs'", optical coupling
between the combs occurs via the edge of the bottom metal,
whereas in single plasmon waveguide QCLs!", it happens
through the laser substrate. As a result, an on-chip configu-
ration does not allow for the placement of a sample between
the two combs. Furthermore, they present a planarized THz
QCL with an inverse-designed end facet reflector coupled to
a surface-emitting patch array antenna, and demonstrated a
planar THz QCL frequency comb covering 800 GHz with
peak power as high as 13.5 mW, as shown in Fig. 18(d)!*>.
Recently, the team demonstrated an on-chip system inte-
grating an active three-channel wavelength division multi-
plexer (WDM) and equipped with a THz QCL comb. The
WDM input is coupled to an integrated THz QCL frequency
comb, providing three 330 GHz broadband output ports,
ranging from 2.2-3.2 THz, with a maximum crosstalk of —6
dB, as shown in Fig. 18(e-i)!'.

In 2019, Li et al. developed a compact THz multihetero-
dyne spectrometer utilizing two spatially separated QCL
frequency combs, which allows rapid spectral detection by
positioning samples between them!Y. This setup success-
fully established a reliable microwave-to-THz frequency
link, as demonstrated by DCS measured at varying relative
humidity (RH) levels. Further, they developed several
approaches to achieve stable THz QCL DCS sources'*!'**. In
2023, Li et al.™* proposed a self-referenced frequency stabi-
lization method for THz-QCL dual-comb systems, eliminat-
ing reliance on complex external phase-locked electronic
equipment. This approach effectively suppresses common-
mode noise in the dual-comb carrier frequency and signifi-
cantly reduces repetition frequency noise by filtering one
dual-comb spectral line and mixing it with the entire dual-
comb signal. Experimental results demonstrate that the self-
referenced dual-comb signal achieves a “maximum hold”
linewidth of 14.8 kHz over 60 seconds, representing over
130-fold improvement in long-term stability compared to
the 2 MHz (15 seconds) unstabilized performance, as shown
in (Fig. 19(a, b)). This work provides a concise and effective
technical pathway for realizing highly stable, all-solid-state
THz-DCS systems, suitable for high-precision spectroscopy
and metrology applications.

Further advancing the field, in 2025, Liu'?' successfully
demonstrated a compact THz triple-comb source based on
three THz-QCLs operating at approximately 4.2 THz.
Through finite element simulations, the study revealed the
optical interaction mechanism between lasers, primarily
substrate coupling. Leveraging the QCL's inherent rapid self-
detection capability, simultaneous measurement of multiple
dual-comb signals was achieved. This allows for the acquisi-
tion of richer spectroscopic information in a single experi-
ment, effectively reducing systematic errors and enhancing
measurement accuracy. The experimentally measured three-
comb signals exhibit a signal-to-noise ratio exceeding 30 dB

and possess sufficient comb teeth to support spectroscopy
measurements (Fig. 19(c, d)). This approach provides a
novel multi-comb solution for high-precision spectroscopy
and metrology applications in the THz band, eliminating the
need for mechanical moving parts.

In addition to comb stabilization, THz-QCL systems face
several challenges. One major limitation arises from the
scarcity of high-sensitivity, broadband, and fast THz detec-
tors. Compared with mature mid-infrared photodetection
technologies, THz detection often requires cryogenic opera-
tion or suffers from reduced responsivity and bandwidth,
thereby limiting the achievable signal-to-noise ratio and
acquisition speed in dual-comb spectroscopy. Another criti-
cal issue is thermal management. Owing to the strong
temperature dependence of intersubband transitions in
THz-QCLs, excess heat accumulation can alter dispersion
characteristics and degrade comb coherence. Although
substantial progress has been achieved through advanced
heat-sinking strategies, optimized waveguide designs, and
cryogenic packaging, thermal effects remain a key obstacle
toward high-power, broadband, and room-temperature
THz-QCL dual-comb systems.

Advances in achieving metrology-grade performance
have driven the development of broadband THz combs (Fig.
20). These combs have emerged as critical tools across
multiple scientific and technological frontiers. Serving as
THz frequency standards, they enable the stabilization of
THz QCLs and the generation of high-power, stable THz
waves, with promising applications in high-precision radar,
next-generation wireless communications, and industrial
non-destructive testing. Their broad spectral coverage and
high stability allow for the simultaneous detection of multi-
ple non-adjacent molecular spectral lines, providing key
tools for fundamental research—from molecular structure
analysis to the measurement of fundamental physical
constants. Furthermore, their enhanced resolution and accu-
racy benefit a wide array of sensing applications, including
trace gas detection, environmental monitoring, and medical
breath diagnostics. With the continuous optimization of
source performance and ongoing innovation in system
architecture, THz dual-comb spectroscopy technology is
steadily advancing toward higher precision, enhanced stabil-
ity, and broader spectral coverage. This progress is establish-
ing a robust technical foundation for the deepening explo-
ration of THz science and the expansion of its practical
applications.

5 Challenges and outlooks

The preceding sections have reviewed mid-infrared and THz
DCS separately from the perspective of source technologies
and representative demonstrations. However, many of the
remaining bottlenecks are shared at the system level. In both
spectral domains, practical progress depends not only on
source generation, but also on how broadband spectral
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Fig. 19 | THz-QCL dual-comb spectroscopy. (a) Raw dual-comb spectrum acquired without the self-referencing method, using a 15-second
max-hold measurement. The spectral line labeled “0” and marked with a red asterisk is the selected comb tooth used for self-referencing and
mixing. (b) Self-referenced dual-comb spectrum acquired using a 60-second max-hold measurement. For both (a) and (b), the resolution band-
width (RBW) and video bandwidth (VBW) were set to 500 Hz and 50 Hz, respectively. (c) Multi-heterodyne triple-comb signals and intermode
beat notes for dual-comb 13 and dual-comb 23, measured with comb 3 serving as the fast detector. (d) Multi-heterodyne triple-comb signals
and intermode beat notes for dual-comb 23 and dual-comb 12, measured with comb 2 as the detector. The inset displays the narrow-linewidth
signals acquired with RBW = 500 Hz and VBW = 50 Hz. Figure reproduced with permission from: (a, b) ref.*?°, (c, d) ref.*?!, under a Creative

Commons Attribution License.

coverage, sensitivity preservation, detection architecture,
and long-term coherence control can be jointly optimized.
From this perspective, the following discussion shifts from
wavelength-specific implementations to the common chal-
lenges and complementary opportunities that connect mid-
infrared and THz DCS.

5.1 Toward full infrared-to-THz spectral coverage

Despite the remarkable progress of DCS in both the
mid-infrared and THz regions, achieving continuous
infrared-to-THz spectral coverage remains a major chal-
lenge, especially across the 15-60 um (5-20 THz) band. In
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practice, the currently accessible spectral windows remain
strongly platform dependent. IP-DFG based on multiple y®
crystals has already extended mid-infrared comb coverage to
3-13 um, while coherent long-wave mid-infrared sources
based on longer-wavelength nonlinear materials have
further pushed the accessible range to about 18 um. At the
same time, direct-emission THz QCL combs and QCL-
based DFG have opened the low-THz region, particularly
around 1-5 THz. However, these advances still do not yield
continuous infrared-to-THz coverage, because operation
toward higher THz frequencies is increasingly constrained
by material absorption, waveguide loss, and the Reststrahlen
band of typical III-V semiconductors'®.

Therefore, a more realistic route toward full-band finger-
print spectroscopy is likely to rely on segmented spectral
engineering, in which multiple nonlinear crystals and
complementary source architectures are combined to cover
different spectral windows. Future progress will likely come
from broader long-wave mid-infrared generation using opti-
mized y® materials, continued advances in QCL-based
comb sources toward and within the THz region'?’, and
hybrid conversion architectures that coherently connect
these otherwise separated spectral regimes!?”!2¢,

Beyond spectral coverage, beam quality and mode match-
ing strongly affect how efficiently comb power is delivered
and utilized in practical DCS systems. Parameters such as
M?, divergence, spatial-mode quality, and pointing stability

influence coupling efficiency, throughput, and baseline
stability in cavities, multipass cells, waveguides, open-path
links, and imaging setups. DFG- and OPO-based combs
generally inherit good spatial modes from near-infrared
pumps, whereas QCL- and THz-QCL-based combs often
require beam shaping due to divergent or astigmatic
outputs. For integrated platforms, efficient mode matching
between on-chip and external optics is equally important.
Although beam-quality metrics are not yet consistently
reported across DCS studies, they should be considered
alongside spectral coverage, coherence, output power, and
detector performance when selecting a DCS architecture.
Another key issue is broadband detection across the
infrared-to-THz range. In practice, no single detector tech-
nology is optimal over all relevant wavelengths. In the mid-
infrared, detector noise, speed, and saturation limitations
have motivated heterogeneous readout strategies such as
nonlinear up-conversion and cross-comb detection, which
transfer the spectral information to the near-infrared for
low-noise photodetection. Notably, EO sampling has
recently enabled instantaneous octave-wide dual-comb
coverage from the mid-infrared to the THz range, while
QCL-based self-detection has shown that one comb can
simultaneously function as emitter, local oscillator, and
detector. This idea has progressed from on-chip THz self-
detected DCS to compact THz QCL self-detection, and more
recently to self-detecting mid-infrared QCL dual-comb
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systems. These developments suggest that one solution for
future full-band DCS will be a combination of heteroge-
neous or self-detecting readout strategies tailored to differ-
ent spectral regions.

In parallel, a variety of indirect measurement methods
have also been proposed. By converting molecular absorp-
tion into acoustic, thermal, or mechanical signals, these
methods reduce the dependence on wavelength-specific
photodetectors and can, in principle, be applied across a
wide range of spectral regions. For example, photo-acoustic
DCS was experimentally demonstrated by directly detecting
the pressure waves generated by dual-comb excitation to
reconstruct broadband molecular spectra'?.

Notably, indirect DCS approaches, such as quartz-
enhanced, cavity-enhanced, and cantilever-enhanced photo-
acoustic DCS, have enabled high sensitivity for molecular
fingerprinting. For instance, cavity-enhanced photo-acous-
tic DCS reported a minimum detection limit of 0.6 ppb for
acetylene at an integration time of 100 s'*°. A closely related
route is photo-thermal DCS, in which molecular absorption
is converted into refractive-index or volume changes. This
method achieved tooth-resolved acetylene spectroscopy over
more than 1 THz, with a minimum detection limit of 8.7
ppm™¥. Moreover, dual-comb optomechanical spectroscopy
was demonstrated wusing a high-Q nanomechanical
membrane inside an optical cavity as the transducer®.
This approach enabled broadband acetylene spectroscopy
over more than 2 THz at the ppb level, with a normalized
noise-equivalent absorption coefficient of 1.71x10°!
cm . W-Hz 12,

In short, realizing full infrared-to-THz DCS will critically
depend on overcoming two closely connected challenges:
the generation of broadband comb sources across otherwise
separated spectral windows, and the implementation of
effective detection or transduction schemes that preserve
sensitivity across those windows. In this sense, full-band
DCS is not a source problem alone, but a system-level prob-
lem involving coordinated advances in source engineering,
readout strategy, and sensitivity preservation.

5.2 Towards quantum-enhanced DCS

As the spectral bandwidth broadens, the power available per
comb tooth decreases, leading to a lower signal-to-noise
ratio in broadband DCS. To address this limitation, a vari-
ety of enhancement strategies, including cavity-enhanced
DCS and related approaches, have been developed and have
brought DCS sensitivity close to the shot-noise limit. Conse-
quently, overcoming this quantum-noise boundary has
become an important direction for the future development
of DCS.

In recent years, quantum technologies (such as squeezing
and entanglement) have provided new possibilities for
surpassing the classical sensitivity limit'*!32. A squeezed-
state DCS has been experimentally demonstrated, utilizing a

nonlinear Mach-Zehnder interferometer to generate an
amplitude-squeezed quantum OFC'3. This squeezed comb
was then combined with a coherent-state comb for hydro-
gen sulfide (H,S) absorption spectrum measurement, with
measurement residuals approximately 2.9 dB below the shot
noise limit. To extend the spectral range into the mid-
infrared, a quantum correlation-enhanced DCS combined
with frequency upconversion has been proposed!*:. By
compressing the intensity difference noise between a pair of
twin-correlated OFCs, quantum-enhanced mid-infrared
DCS has been realized, with signal-to-noise ratios exceeding
the classical limit by approximately 2 dB. Based on the theo-
retical foundation in the literature'*>, customized entangle-
ment structures in the frequency comb were utilized to
simultaneously detect all comb lines below the classical DCS
standard quantum limit"**. When applied to gas detection,
the SNR was improved by 2.6 dB, and the integration time
was reduced by 1.7 times compared to classical DCS.

5.3 Coherence preservation and long-term stability

For DCS to become truly viable for field-deployable applica-
tions, environmental robustness must be significantly
improved, because practical operation requires long averag-
ing times to reach high sensitivity. However, in DCS, the
sensitivity gain obtained through longer averaging is funda-
mentally limited by the mutual coherence time of the two
combs. Under practical conditions, environmental perturba-
tions such as temperature fluctuations, mechanical vibra-
tions, and air-path instability can further shorten this coher-
ence time and degrade measurement reliability. These
constraints have driven a clear methodological evolution in
coherence recovery, from passive schemes relying on the
intrinsic coherence of the sources, to active control refer-
enced to external standards, and more recently to data-
driven digital correction strategies. Although the specific
implementations differ between mid-infrared and THz
systems, the underlying challenge is the same: practical
sensitivity gains require longer coherent averaging, which in
turn demands increasingly robust mutual coherence under
realistic environmental perturbations.

In the passive regime, coherence is preserved mainly
through common-mode source design, so that the two
combs share as much optical or electronic origin as possible.
This approach is attractive because it greatly simplifies the
system and can already provide excellent mutual coherence;
for example, passive coherent dual-comb spectroscopy based
on optical-optical modulation achieved a relative comb-
tooth linewidth of 10 mHz and a coherence time of 100 s
without fast phase-locking electronics or post phase
correction'”. However, because passive schemes suppress
mainly common-mode fluctuations, they remain sensitive to
residual differential noise from external modulation sources,
non-common-path  perturbations, and  long-term
environmental drifts.
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To suppress these residual fluctuations, active control
referenced to external standards was developed. In the mid-
infrared, feed-forward dual-comb spectroscopy has demon-
strated experimental coherence times exceeding half an
hour, while more practical active-control implementations
have combined adaptive sampling with simple frequency
stabilization to realize continuous real-time operation over
1200 h'% in the THz regime, an all-fiber adaptive clock
together with a real-time feedback loop has further enabled
narrow-linewidth long-term-stable dual-comb operation®.
These active approaches, however, come at the cost of
greater hardware complexity and more stringent reference
requirements.

To reduce this burden, coherence recovery has increas-
ingly been extended into the data domain, where the key
task is to extract, estimate, and compensate the relative
phase and timing fluctuations between the two combs. In
practice, this is typically achieved through error-signal
retrieval, phase correction, and numerical resampling,
allowing coherent reconstruction of the interferograms. By
moving beyond the bandwidth limitations of conventional
closed-loop control, these methods can significantly extend
the effective coherent averaging time and support long-term,
high-precision gas spectroscopy'**!*’. Early approaches often
relied on external references or auxiliary error-measure-
ment channels, and were therefore vulnerable to mismatches
between the reference path and the main interferometric
acquisition path'“!. More recently, self-referenced correc-
tion methods based directly on the interferograms them-
selves have been developed'*?, reducing the reliance on addi-
tional reference channels.

6 Summary

In summary, this review highlights recent advances in mid-
infrared and THz DCS, a technique renowned for high spec-
tral resolution, rapid acquisition, and intrinsic frequency
accuracy without moving parts. We examine key methods
for generating dual-comb sources—including QCLs, OPOs,
DFG, and microresonator-based combs—analyzing their
performance, trade-offs, and recent innovations. The review
also addresses ongoing challenges, such as broadband spec-
tral coverage, high-sensitivity detection, long-term stability
and looks forward to future directions involving integrated,
field-deployable platforms, and quantum-enhanced tech-
niques. Looking ahead, these developments are expected to
further drive mid-infrared and terahertz DCS from labora-
tory demonstrations toward broader practical deployment in
trace-gas sensing, oil-and-gas leak detection, atmospheric
and environmental monitoring, biomedical diagnostics, and
precision molecular spectroscopy, while also opening new
opportunities in dual-comb ranging and spectroscopic
imaging.
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