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Abstract

to broader real-world applications.

The advancement of microcomb sources, which serve as a versatile and powerful platform for various time—frequency
measurements, have spurred widespread interest across disciplines. Their uses span coherent optical and microwave
communications, atomic clocks, high-precision LiDARs, spectrometers, and frequency synthesizers. Recent break-
throughs in fabricating optical micro-cavities, along with the excitation and control of microcombs, have broadened
their applications, bridging the gap between physical exploration and practical engineering systems. These develop-
ments pave the way for pioneering approaches in both classical and quantum information sciences. In this review
article, we conduct a thorough examination of the latest strategies related to microcombs, their enhancement

and functionalization schemes, and cutting-edge applications that cover signal generation, data transmission, quan-
tum analysis, and information gathering, processing and computation. Additionally, we provide in-depth evaluations
of microcomb-based methodologies tailored for a variety of applications. To conclude, we consider the current state
of research and suggest a prospective roadmap that could transition microcomb technology from laboratory settings
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1 Introduction

Generally, a frequency comb is comprised of a series of
spectral lines that are spaced across the spectrum after
phase-locking between each other [1, 2]. These spectral
lines are typically produced by a laser after modulation,
and they represent a multitude of discrete frequen-
cies that are evenly distributed and maintain a precise
interrelationship, often characterized by a consistent
interval between frequencies. The generation of a sta-
ble frequency comb (e.g. soliton) is achieved via mode-
locking, a technique that aligns the various modes of
a laser to produce a sequence of coherent, ultra-short
pulses [3]. The exactitude and steadiness of the frequency
comb’s spectral lines render it an invaluable instrument
for numerous scientific and technological endeavors
[4]. Over the past decades, frequency combs have been
instrumental in transforming areas like precision spec-
troscopy, metrology, and optical frequency synthesis
[5]. Their capacity for ultra-precise time and frequency
measurements has beneficial implications for atomic
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clocks, telecommunications, and research in fundamen-
tal physics.

Since the 1990s, the push for compact and portable
frequency comb devices has been a significant driver in
their evolution [6]. The trend has progressed from large,
room-scale apparatuses to more manageable table-top
versions, with the ultimate goal of developing chip-scale
iterations [7]. Besides external cavity modulation [8],
a prominent innovation in this journey is the Kerr fre-
quency comb, produced within optical micro-cavities—
also known as microcombs [9]. Kerr frequency combs
derive their name from the Kerr effect, a third-order non-
linear optical phenomenon occurring in optical micro-
resonators [10]. This effect describes how the refractive
index of a material varies in response to the intensity of
incoming light. As the light’s intensity alters, it leads to
self-interaction within the light waves, which can gener-
ate a broad spectrum of new optical frequencies. Since
2014, the realization of dissipative soliton Kerr combs
enable low noise state with evenly spaced optical lines
[11]. Besides, mode-locked dark pulse Kerr combs in
normal-dispersion microresonators also demonstrate
high coherence [12]. Furthermore, octave-spanning of
a microcomb [13] offers a way to lock not only the rep-
etition, but also the carrier-envelope offset, providing
the elements to precisely determine all frequency comb
lines [14]. Up to now, versatile frequency combs play an
instrumental role in a multitude of domains, including
precision metrology for highly accurate measurements,
telecommunications for improved data transmission, and
spectroscopy for detailed chemical analysis.
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Microcomb technology, thanks to its expanding capa-
bilities in spectral bandwidth, energy efficiency, phase
coherence, and stability, is driving a multitude of new
mechanisms, innovative platforms, and groundbreaking
applications [15]. Figure 1 demonstrates its platforms and
applications in schematics. It also inspires interdiscipli-
nary progress such as active—passive heterogeneous inte-
gration [16] and complex photonic system incorporation
[17]. Moreover, in fields like microwave photonics, opti-
cal communications, precision measurements, neuro-
morphic computing, and quantum optics, the technology
can also play a critical role. With its unique attributes, the
microcomb has become an essential tool for frequency
synthesis, spectrum filtering, signal processing, and
improving the performances of optical communication
and sensing systems.

Its versatility extends further, enabling precise timing,
environmental detection, and the creation of highly effi-
cient light sources, highlighting its potential to transform
various scientific and industrial sectors. For instance, in
spectroscopy, the optical frequency comb excels at pre-
cisely analyzing the structures of atoms and molecules
[18]; in metrology, it delivers unparalleled accuracy in
time and frequency measurements, which is vital for
the development of next-generation atomic clocks and
enhancing Global Positioning System (GPS) performance
[19]; in telecommunications, microcombs are harnessed
to boost the data transmission rate when combined with
wavelength division multiplexing technology [20]; more-
over, microcombs find applications in novel areas such as
astronomical spectroscopy for exoplanet detection and
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Fig. 1 Overview of microcombs. Microcombs can be formed in platforms ranging from on-chip microresonators, whispering gallery mode

microcavities to modulators, and can be applied in versatile applications
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in medical imaging, where they offer new prospects for
non-invasive diagnostics [21]. The adaptability of micro-
combs across diverse disciplines underscores their poten-
tial as a transformative tool, promoting advancements in
both scientific knowledge and technical advances.

In this review article, we provide a comprehensive
introduction to the cross-disciplinary frontiers of micro-
combs, spanning from physical advances to techni-
cal applications. Specifically, our emphasis lies on the
potential of microcombs in the field of information sci-
ence. The article is structured as follows: Sect. 2 delves
into the physical innovations encompassing microcavity
materials and platforms, as well as the generation and
functionalization schemes of microcombs. Section 3 to
Sect. 5 explores advanced applications based on micro-
combs, with a primary focus on signal generation, infor-
mation acquisition, data delivery, and signal processing.
Section 6 presents a discussion on the distinctive char-
acteristics of various microcombs, analyzing their advan-
tages, limitations, and suitable application scenarios. This
article concludes with an outlook on the technology of
microcombs, highlighting its burgeoning development
and potential to garner attention from a broad range of
fields in and beyond photonics and optics.

2 Advances of generation and functionalization
of microcombs
2.1 Emerging material platforms for microcomb
generation

The development and enhancement of microcomb tech-
nology are fundamentally linked to the advancements in
novel materials and structural platforms within the realm
of microcavity photonics [13, 22]. The generation of fre-
quency combs hinges on several key parameters, including
the refractive index, Q-factor, nonlinear coefficient, chro-
matic dispersion, thermo-optic coefficient, and transpar-
ency spectrum [23]. These essential physical properties
jointly influence the characteristics of microcombs, such as
the frequency range, optical power, temporal behavior, and
noise levels [24]. To date, numerous materials and cavity
geometries have been investigated for their ability to form
microcombs through nonlinear oscillations [25]. The array
of materials used for crafting microresonators consists of
silica (SiO,), fluorides like magnesium fluoride (MgF,),
silicon nitride (SizN,), aluminum nitride (AIN), lithium
niobate (LiNbOj;), and highly-nonlinear III-V compounds
(e.g. GaN, GaP and AlGaAs), to name a few. Correspond-
ingly, various structural platforms including planar micro-
rings, whispering gallery mode microresonators and fiber
Fabry—Perot microcavities have been manufactured. These
structures can generally be classified into three categories:
on-chip rings, whispering gallery mode (WGM) cavities,
and fiber resonators. As illustrated in Fig. 2a, researchers
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have developed unique strategies to merge these materials
with geometric structures effectively. The extensive array
of material-structure pairings has led to the creation of a
multitude of versatile configurations that cater to diverse
applications and performance requirements.

Silica (SiO,), with a refractive index of approximately
1.44, is the most commonly used material for creating
microresonators and has been widely applied in frequency
comb generation (as shown in Fig. 2b) [9]. This material
features an extensive transparency window that spans from
the visible (VIS) to the mid-infrared (MIR) bands. While
silica offers a relatively low third-order nonlinear coeffi-
cient (1, =~ 2.6x 1072 m>W 1), the formation of combs in
passive SiO, cavities typically requires either a high input
power or a microresonator with a high quality (Q) factor,
which is defined as Q=w/Aw, wherein w/27 and Aw/21
are the central frequency and linewidth of the optical reso-
nance. Usually, the total Q factor is related to the intrinsic
and the coupling Q factors via the relation Q,,,, '=Q,,
trisic_1+Qcoup,mg_l. For instance, when the pump power
introduced into the system is less than 100 mW, silica
microcavities theoretically need Q factors on the order of
107 to generate microcombs [26]. However, reducing losses
in silica microcavities is achievable. Recent reports indi-
cate that silica microcavities can achieve Q factors as high
as 4x 10%, which has enabled amplifier-free excitation [27].
In practice, silica-based microresonators are available in
various configurations, with fiber microcavities and whis-
pering gallery mode (WGM) microcavities being the most
popular due to their adaptable design and ease of fabrica-
tion. To enhance nonlinearity in silica, high-index doped
silica materials such as Hydex (n=1.5-1.9) have been
developed [28]. These materials maintain low linear loss
(typically<5 dB/m) while offering significantly increased
nonlinearity (7,=1.15x107* m?W~!, approximately five
times that of standard silica) without suffering from mul-
tiphoton absorption effects. Since 2010, high-performance
microcombs have been successfully demonstrated in
Hydex microrings [29], marking a critical advancement
in integration. Another important group of materials for
comb generation is fluorides, with magnesium fluoride
(MgF,, n ~ 1.37) being the first fluoride used for soliton
microcomb production [30]. MgF, enables light transmis-
sion from the ultraviolet (~160 nm) to the MIR (~7 pm)
band, yet its nonlinearity (7, ¥ 1x107%° m?*W!) is even
lower than that of silica. Nonetheless, the impact of the
low nonlinearity is mitigated by the material’s extremely
low optical loss, allowing ultra-high Q factors (ranging
from 108 to 10'°) to be realized in fluoride-based micro-
resonators [31], facilitating efficient comb formation (refer
to Fig. 2c). Fluorides are typically shaped into mechanical
polished WGM structures as they are challenging to fabri-
cate using melt plasticity or photolithography techniques.
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Fig. 2 Material and structural platforms for microcomb generation. a, Various materials for microcavity preparation. b-f, Pictures of microresonators
based on diverse materials [9, 28, 30, 32, 35, 43, 50, 51, 55, 85, 98]. Specifically, microrod [32], microsphere [35], microtoroid [9], F-P [85] are fabricated
using Hydex [28], MgF, [30], CaF,, SisN, [98], AIN [43], LINbO; [50, 51], lll-V compounds [45-47] and Others [55]

In silica and fluoride-based WGM cavities, it is possible
to adjust the mode numbers and mode volumes by fine-
tuning the cavity size and geometry. Microtoroids and
microrods, when crafted from the same substance, exhibit
comparable Q factors, around 108, These are typically
shaped using a thermal reflow process [32]. Microdisks,
on the other hand, facilitate single-mode operation but
are often produced through chemical etching techniques.
Their free spectral range can cover from tens of GHz [33]
to greater than 100 GHz [34], and they can reach high
Q factors up to 10°. One advantage of this design is the
ability to control wedge angles, which permits versatile
dispersion manipulation. Lastly, microspheres can be pro-
duced with a relatively straightforward approach, such as
melting in a fiber splicer [35], and have demonstrated the
highest Q factors to date, up to 10'° [36]. They support a
wide variety of mode families and have a unique capabil-
ity for inducing mode crossing and mode splitting [37],
making the microsphere cavity an important platform for
exploring physics that is independent of modes and for
realizing intricate comb outputs.

Silicon nitride (SizN,, with a refractive index n ~ 1.98)
began capturing the interest of scientists for microcomb
formation around 2010 [38], quickly establishing itself as
a prime candidate due to its inherent physical proper-
ties such as a lack of Brillouin scattering [39] and com-
patibility with CMOS technology (refer to Fig. 2d). As of
now, Si;N, is the most commonly used material for fab-
ricating on-chip microring resonators, boasting a strong
third-order nonlinearity (with 7, ~ 2.5x 107" m*W ).
Typically, the Q factor of silicon nitride cavities highly
depends on the device design, fabrication and optical
band in measurement [40]. Recently, using a geometry
enabling tightly confined mode, the Q factor of a Si;N,
microresonator exceeds 3x 107 [17, 41]. While in cases
where a low confined mode guided by nitride is present,
the Q value can reach 10® or even higher [42]. On the
other hand, since Si;N, exhibits normal dispersion within
the near-infrared (NIR) spectrum, it becomes essential
to intricately design the microrings’ structural disper-
sion to satisfy the phase-matching requirements neces-
sary for soliton generation. Aluminum nitride (AIN) is
a non-centrosymmetric material with a refractive index
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of approximately 1.98, exhibiting both second and third
order nonlinear optical properties characterized by x®
and X(B) [43]. It stands as an ideal candidate for generat-
ing microcombs, primarily within the visible to near-
infrared (NIR) spectrum, as illustrated in Fig. 2d. AIN’s
third order nonlinearity (1, ~ 3x107"° m?*W!) is on
par with that of Si;N,, while its thermal conductivity is
remarkably high (around 285 W/m K), which greatly
benefits heat management and fortifies the durability of
optical microcombs under high optical powers. Addi-
tionally, AIN exhibits piezoelectric tunability, a key fea-
ture for providing dynamic feedback [44]. Besides AIN,
there are more and more III-V compounds suitable for
microcomb excitation due to their naturally high non-
linearity, as Fig. 2e shows. For instance, AlGaAs and its
alloys boast substantial nonlinear effects that facilitate
the formation of combs at ultra-low thresholds [45]. And,
in a GaN microring, scientists obtained an intrinsic Q
factor over 2.5 million, and extracted a nonlinear index ,
~ 1.4%x107'® m?>W! at telecom band [46]. Furthermore,
the nonlinear index of a GaP microring at telecommu-
nication wavelengths can reach 1.1x107Y m?W~! [47].
Recently, AlGaAs microrings based soliton microcombs
have been achieved successively in under cryogenic [48]
and room temperature [49].

In pursuit of further enhancement of nonlinear coeffi-
cients within microcavities, while also ensuring on-chip
integration compatibility, lithium niobate emerges as a
suitable alternative [50, 51] (see Fig. 2f). This material
boasts exceedingly high values for both x? and x® coef-
ficients in broadband [52]. The first LINbO; microring
cavity was successfully fabricated in 2007 through benzo-
cyclobutene bonding and photolithographic techniques
[53]. Since then, LiNbO5 microcavities have achieved Q
factors of up to 107 [54], and the implementation of self-
starting Kerr soliton microcombs in these structures has
been accomplished [50].

Beyond the materials previously mentioned, a pleth-
ora of options have emerged for microcomb excitation
as illustrated in Fig. 2g. Silicon carbide is notable for its
ultra-wide transparency window ranging from 0.37 to
5.6 um [55], while diamond membranes offer a substan-
tial bandgap coupled with a minimal photonic absorp-
tion ratio [56]. In addition, chalcogenide glass (e.g. S, Se
and Te compounds) is appropriate for mid-infrared and
even longer wavelengths [57], and halide perovskites
are also gaining attention for their compatibility with
CMOS manufacturing processes [58], while two-dimen-
sional materials are being explored for their potential
to enhance photon-electron interactions [59-61]. In a
groundbreaking study at 2020, Keskekler and colleagues
proposed the generation of microcombs via induced sym-
metry breaking in graphene drums [62]. Complementing
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these material developments, innovative microresonator
structures have been introduced: deformed microcavities
for the generation of ultrawide microcombs [63], edge-
less photonic crystal resonators for inducing spontane-
ous soliton formation [64], and microspheres with optical
gain assistance to boost microcomb output. Specifically,
in a microcavity, the resonant frequencies of a longitude
mode 4 (the relative mode number corresponding to the
pumped mode w,) is written in:

wy=wo + D1 + %Dzﬂz + éDsﬂg +-- (1)

In this equation, D,/2m presents the free spectral range,
and D,=-c/n,D*B,. Here c is the light velocity, n, is the
refractive index intracavity, 8, denotes the group velocity
dispersion. When generating a frequency comb, the fre-
quency of every comb line is w,+Du. This nature also
determines the potential bandwidth of a frequency comb.

2.2 Generation approaches of microcombs.

As mentioned in introduction, microcombs are usually
initialized by interplay between optical light field and
optical microresonator. Based on the origin of genera-
tion, they can be divided into four main classes: micro-
comb based on nonlinearity, microcomb based on laser
gain, microcomb based on electro-optic modulation, and
microcomb based on multi-effect coupling.

Kerr frequency comb is one of the most widely studied
type of microcombs since its invention in 2007 [9]. Due
to the Kerr nonlinearity of microresonator, comb field
can be established and enhanced via cavity-enhanced
cascaded four-wave mixing (FWM) process, transferring
the energy from pump field over broad spectrum band
and even over octave spanning [13], as shown in the top
panel of Fig. 3a. With pump laser tuning into microreso-
nator resonance from blue-detuned side to build up the
intracavity field, the comb field regularly evolves into pri-
mary combs or Turing pattern, chaotic state, and soliton
state in turn [65] (bottom panel of Fig. 3a). Kerr soliton
microcomb generation relies on the double balance of
nonlinearity and dispersion, gain and loss in microreso-
nators and the excitation of soliton microcomb should
also overcome the thermal instability in microresonators.
The nonlinear dynamics of a Kerr microcomb can be
succinctly described by the well-known Lugiato-Lefever
Equation (LLE) [66], which reads as

0E(t, 1) o Br .0
T, [ — Ly
R [—a l§+lLZk!(la_L_)
k>2 (2)

+ iy LIE\*1E(t, T) + v/6E
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Fig. 3 Typical approaches for microcomb generation. a, Microcomb generation based on Kerr effect. Top panel: energy transfer process, bottom
panel: intracavity power evolution including the Turing roll, chaotic state and soliton states [13, 65]. b, Microcomb generation leveraging the second
order nonlinearity of material [72]. ¢, Microcomb generation in an active microcavity with laser gain [60]. d, Microcomb generation based

on electro-optic (EO) modulator [77]

On the left side of this equation, ¢ and 7 describe the
slow and the fast time, or the evolution time of the field
envelope E and the time frame for temporal profile,
respectively. T is the roundtrip time of light in the cavity.
The right side can be divided into several terms, related
to the loss per roundtrip «a, the detuning 6, the disper-
sion f3;, the nonlinearity y, and the driving term 6’E, ,
respectively. In addition, L is cavity length, 0 is the cou-
pling coefficient and E,, is the field of driving pump.
When thermal instability is augmented, the thermal-
incorporated LLE can be further updated as [67-69]:

OE(t,T)

T
R™%¢

The thermal term §,, can be expressed as

3y 1 Q
— = — |ar——Pipprqg — K$
9t C, oar Ount intra th (4)
where C, is thermal capacity of the cavity, ar is the tem-
perature coefficient of the detuning shift (1/°C), Q; and
Q,, are the loaded and intrinsic quality factors, respec-
tively. P,,,,, shows the intracavity power, and K is the

thermal conductivity. Nowadays, the thermal cooling
technique has been successfully packaged with auto-

mated access to the soliton regime [70, 71].

[—o — (8 — 8) +iL Y %(i%)k + iy LIE[Y1E(t, T) + /O Es, 3)

k>2
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Except for Kerr nonlinearity, the second order nonlin-
earity of material can also be used for comb generation,
in a parametric down conversion or optical paramet-
ric oscillation process [72-74] (Fig. 3b). Even though
the broadband phase matching can be a challenge, this
is potentially a powerful method for comb generation
in the band where high-performance pump laser is not
easily accessible, such like mid-infrared (MIR), which is
important for high resolution spectroscopy, sensing and
ranging applications. Wang et al. [75] proposed and dem-
onstrated a box resonator geometry fabricated over a
MgO-doped lithium niobate wafer, enabling microcomb
generation via )((2) optical parametric down conversion
process, which can be described by the following mutu-
ally coupled three-wave equations

0 Ly 9 lwpdeg ik
J— — _— E = — E EE : Z
Gz TPy T 52 T e e
(5)
a a9 Vs 32 ia)sdeﬂ * _—iAkz
(372 + ,355 + l;@)Es = —ogEs + p EyEe
(6)
9 9 vi 92 iwidyg _ink
o o Vi NE — _oE E, E*e—ilkz
(oo ¥ Pige THy ppki = —oubit = Erkse

7)

Here subscripts p, s, and i denote the parameters of
pump, signal, and idler, respectively. Then, z is the propa-
gating distance, f=1/v, is the first-order dispersion, ¢ is
the propagation time, y is the group velocity dispersion
and E represents the optical field. On the right-hand side,
a, dyp and n represent the propagation loss, effective
nonlinear coefficient and refractive index of MgO-doped
lithium niobate, respectively; w is the angular frequency,
¢ is the light speed and Ak denotes the phase mismatch.
Relying on this nonlinear process, microcomb can be
generated in 2 um band, which has entered the boundary
of MIR. Moreover, nonlinear dispersion control is possi-
ble with proper chirping to manipulate comb dynamics
towards soliton comb generation thus higher coherence
and stability. The comb state evolution generally obeys
specific routine that can be stably accessed via conven-
tional locking technology such like Pound-Drever-Hall
(PDH) [76].

On the other hand, microresonator can be fabricated
from materials with laser gain, enabling laser frequency
comb in an integrated platform. Similar to its analog
using bulk optics, the laser microcomb also acquires
mode-locking components. By end-coating an electri-
cally controllable graphene layer on the fiber resonator
as a saturable absorber, Qin et al. [60] achieves low-noise
mode-locked laser combs with tunable repetition rates
(Fig. 3¢). Different from conventional mode-locked laser,
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the laser microcomb features a repetition frequency at
10 s to 100 s GHz level due to the small size of micro-
resonator. In addition, the development of integrated
electro-optic (EO) modulator opens a different way for
high-efficiency and controllable microcomb generation,
known as EO microcomb [77] (Fig. 3d). The phase modu-
lator can be directly assembled in microring resonators,
enabling high-efficiency optics-microwave coupling
[77, 78]. When the frequency of the driven microwave
matches with the free spectral range of the microresona-
tor, the cascaded sidebands originating from phase mod-
ulation, and the output field can be expresses as [79]:

@) = WA — @)1 — k) — ky/ -2

1—k1-— refiﬁ sin wy,t

refiﬂ sin wy,t

1Ein(t)
(8)

where in «a is insertion loss, k is coupling coefficient, and
r is roundtrip electric filed transmission. f and w denote
modulation index and frequency of the phase modulator,
respectively. When the driving beam E;, is a continuous
wave, E,,, formats a resonant EO microcomb. One of the
major advantages of EO comb is that comb spacing can
be defined and actively controlled by the frequency of the
driven microwave.

Based on the above four mechanisms, diversified
microcomb generation schemes are proposed [80],
including fast frequency scanning [9, 30], filter-driven
FWM [81], EO modulation [4, 82], power kicking [26],
integrated [12, 83], forward and backward frequency
tuning [84]. These approaches have been widely used for
driving and generating microcombs, especially for the
generation of soliton microcomb with high coherence
and low noise characteristics. To meet practical appli-
cation requirements, it is essential to sidestep intricate
pump dynamics and the need for precise feedback stabi-
lization when forming microcombs. Thus, the quest for
simple, efficient, and deterministic methods to generate
high-performance soliton microcombs has emerged as a
critical area of focus in microcomb research. In this con-
text, we will concentrate on exploring several innovative
approaches.

In 2017, Guo et al. uncovered a universal dynamic
and deterministic method for switching dissipative Kerr
solitons in optical microresonators [84], as depicted in
Fig. 4a. They discovered a straightforward mechanism
that deterministically reduces the soliton count one at
a time, uncovering effects uniquely linked to the soliton
regime in both Si;N, and MgF, materials. By harnessing
this phenomenon, they experimentally demonstrated the
multi-stability diagram of a microresonator. This tech-
nique enables the sequential decrease, monitoring, and
stabilization of soliton states, particularly aiding in the
feedback stabilization of single-soliton states. Building on
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this work, Zhou et al. applied an auxiliary laser heating
strategy to minimize thermal dragging dynamics that can
occur during the formation of dissipative soliton combs
[67], which can be theoretically characterized by two
mutually coupled and thermal-incorporated LLEs

leads to the stable and robust generation of Kerr soliton
singlets and soliton bursts, as shown in Fig. 4b. The pro-
cess prevents sub-comb overlap at reduced pump pow-
ers and consistently yields nearly identical singlet soliton
comb formations. It further reveals unexpected sponta-

9E comp (L, T) ‘ . Bi . 0 ‘ ;
TR% =[~a - l(apump — &) +iL Z F(la)k + lVL(|Ecomb|2 + 2Py ) 1Ecomp (£, T) + “/5 ;,r,;mp 9)
k>2
TR% = [~a — i(8aux — O) +iL Z k—l:(la__’:)k + lVL(|Eaux|2 + 2P omp) 1Eaux(t, T) + “/5 Zlm (10)
k=2

Here, Eq. (9) and Eq. (10) describe the field evolution
of comb field E_,,;, and auxiliary laser field E,,, respec-
tively, and they can be regarded as expansions of Eq. (3),
augmented with interplay between these two fields. This

neous soliton bursts when forming low-noise optical fre-
quency combs out of continuum background noise. The
auxiliary laser facilitates rapid synchronization of the
pump laser with the cavity mode, thus providing a reliable
means for soliton comb recovery and long-term stability,



Yao et al. eLight (2024) 4:19

even in the presence of strong external disruptions. In a
pivotal study from 2017, Herr et al. presented their find-
ings in Fig. 4c on the use of periodic picosecond optical
pulses to pump a Fabry—Pérot microresonator, leading to
the deterministic production of stable femtosecond dis-
sipative cavity solitons atop resonantly enhanced driving
pulses [85]. These microcomb solitons synchronize with
the driving pulses, directly allowing all-optical manipula-
tion of the soliton’s repetition rate and adjustment of its
carrier-envelope offset frequency. Offering advantages
over continuous-wave-driven microresonators or non-
resonant pulsed supercontinuum generation, their meth-
odology is more effective, achieving broad bandwidth
frequency combs with average driving power well below
the parametric threshold of continuous-wave operation.

In an expanded framework, the generation of micro-
combs through multi-effect coupling in microresonators
is emerging due to unprecedented physical mechanisms
and the potential for exceptional turnkey performance.
By connecting a laser diode and a microresonator in
series, the latter can act effectively as a narrow-band fil-
ter to achieve injection-locking, thus purifying the out-
put spectrum of the laser diode. More importantly, there
exists a special operational regime that enables self-start-
ing soliton comb formation [86, 87], see Fig. 4d. Addi-
tionally, turnkey operation has been observed in several
other configurations, including fiber laser cavities that
incorporate a microresonator, lithium niobate microrings
that exhibit photorefractive effects, and so on [50, 88].
This turnkey operation is also achievable in laser soliton
hybrid cavities [88—90]. The slow nonlinearities of a free-
running microresonator-filtered fiber laser can trans-
form temporal cavity solitons into the system’s dominant
attractor, leading to reliable, self-starting oscillation of
microcavity solitons that are inherently robust to pertur-
bations and capable of spontaneous recovery even after a
complete disruption, as demonstrated in Fig. 4e.

Recently, schemes involving multiple nonlinearities have
opened new avenues for microcomb generation. An intra-
cavity Brillouin laser can serve as a secondary pump for
Kerr comb excitation, while the primary pump maintains
thermal stability of the cavity resonance, as illustrated in
Fig. 4f. Such a Brillouin lasing often requires inter-mode
phase matching [91]. Additionally, the linewidth narrow-
ing effect of Brillouin lasing significantly reduces frequency
noise from the primary pump by several orders of mag-
nitude [92-94]. Furthermore, the Raman effect, another
stimulated scattering phenomenon in microresonators,
can contribute to Kerr comb formation through cross-
phase modulation between the pump field and the Raman
laser field [94, 95]. This enables simultaneous generation
of combs across multiple spectral bands, uncovering new
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physics of comb formation and facilitating potential appli-
cations such as mid-infrared comb generation via differ-
ence frequency generation and precise spectroscopy for
multi-species gas molecule detection. Moreover, by lever-
aging second-order nonlinearity, soliton microcombs can
be extended even further, spanning wider wavebands up to
an octave and enabling near-visible comb generation tied
to precise molecular transitions [50, 96]. In the burgeoning
lithium niobate on insulator (LNOI) platform, integrated
modulation has become a more direct approach towards
low-noise, highly efficient, and controllable comb states
50, 78].

2.3 Microcomb functionalizations and empowerments
The performance of soliton microcombs is extensively
evaluated following soliton formation by examining the
spectral width, pumping efficiency, and signal linewidth.
A primary goal for advancing microcomb applications is
to improve the performance capabilities of these devices.
The spectral width of most soliton microcombs is gener-
ally restricted, primarily due to a balance between the gain
bandwidth and chromatic dispersion.

First, numerous efforts have been directed toward
extending the range of microcombs [97]. For example, Bra-
sch et al. engineered the second and third order dispersion
coefficients (5, and ;) within a microresonator to achieve a
fully coherent near-infrared optical frequency comb span-
ning from 2 to 3f (1300 nm to 2000 nm) [98]. Dispersive
waves, such as Cherenkov radiation, were instrumental in
this advancement, facilitating an extension of the coherent
region, as depicted in Fig. 5a. This dispersion management
strategy has also been employed effectively to merge side-
bands [99]. In 2020, Zhang et al. demonstrated a method
to expand the optical spectrum of a soliton microcomb
produced in a microresonator [100]. This was achieved by
using one laser operating at a wavelength within the anom-
alous dispersion regime of the microresonator to generate
a bright soliton microcomb. Simultaneously, another laser
in the normal dispersion regime helped to counteract the
thermal effect on the microresonator and create a second
frequency comb that was synchronized with the repeti-
tion rate. Its theoretical model is very similar to the afore-
mentioned auxiliary laser heating strategy, which can be
described in normalized form of LLEs

AYp(t, T) 1 . ,Bp,k i ko, o 2
=l zsp+zkz>; o )" il

d
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Here subscripts p and a denote the parameters of pri-
mary and auxiliary pump lasers, respectively. 0 repre-
sents the group velocity mismatch between primary
and auxiliary pumping modes, and ¢ denotes the cross-
phase modulation (XPM) coefficient, equaling to 2/3 for
orthogonal polarization or 2 for parallel polarization.
Such spectral broadening effects are also thoroughly
investigated by considering the scattering of an exter-
nally injected probe wave from a dissipative cavity soliton
circulating in a Kerr microresonator [101]. More recent
developments by Wang et al., also based on dispersion
engineering, led to the creation of a broadband soliton
microcomb [102]. This design utilized two modes from
different families with identical polarization that were

nearly degenerate. A single-frequency laser served the
dual purpose of both the pump wave and auxiliary wave,
which resulted in an unprecedented long single-soliton
step (104 GHz) and an octave-spanning bandwidth
(1100-2300 nm). Additionally, Xiao et al. developed a
fiber-based Fabry—Perot microresonator characterized by
ultra-small anomalous group velocity dispersion, achiev-
ing 2/3-octave-spanning microcombs with more than
84 THz spanning and approximately 10 GHz spacing.
These operated in the modulational instability (MI) state
and, upon transitioning to the soliton state, presented a
local repetition rate up to 8.6 THz and a span exceeding
32 THz, generating in excess of 3200 comb lines [103].
The outcomes of these two studies are illustrated in
Fig. 5b. In addition, Moille et al. expanded the bandwidth
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of a microcomb far beyond its anomalous dispersion
region on both sides of its spectrum through spectral
translation mediated by the mixing of a dissipative Kerr
soliton and a secondary pump, achieving a soliton with a
total bandwidth of 1.6 octaves (137-407 THz) [104].
Another strategy to enhance the bandwidth of micro-
combs involves combining parametric oscillation with
other nonlinear effects, such as stimulated Raman scat-
tering. Notably, the co-locking of Kerr and Stokes
solitons—with approximately 100 nm spectral separa-
tion—has been excited in different geometries: a micro-
disk in 2016 and a microsphere in 2021. Due to their
belonging to distinct transverse mode families, the
Stokes and the Kerr soliton can trap each other [95, 105].
In 2018, Liu et al. demonstrated a broadband Kerr comb
exhibiting spectral lines ranging from 145 to 275 THz and
achieving a low parametric threshold of approximately
25 mW by employing a single-crystal aluminum nitride
(AIN) microring [106]. Additionally, they observed a
broadband Raman comb produced through Raman-
assisted four-wave mixing. More recently, in 2022,
Xia et al. successfully implemented cascaded Raman
lasers and broadband Raman-Kerr combs (1400 nm to
1700 nm) within an integrated germanium antimony
sulfide (GeSbS) microring [107]. Their studies focused
on the effect of dispersion on the interaction between
Kerr and Raman effects in chalcogenide glass microcavi-
ties. Apart from these two approaches, ultra-broadband
microcombs can also be generated via chaos-assisted
momentum transformation in optical microresonators
[108]. Utilizing this mechanism, microcombs spanning
more than two octaves (from 450 to 2008 nm) have been
achieved, exploiting both x® and x® nonlinearities in a
deformed silica microcavity [63], as illustrated in Fig. 5c.
Improving the efficiency and output power of a micro-
comb is another significant concern, particularly in com-
munication applications where higher intrinsic soliton
output power is required to minimize noise resulting
from excessive amplification. Common phase-locked
microcombs typically exhibit low conversion efficiency
due to their dissipative soliton nature [26]. In 2017, Xue
et al. made an experimental breakthrough by demonstrat-
ing coherent soliton microcombs with remarkably high
conversion efficiencies, exceeding 30% in the fiber tel-
ecom band, achieved by applying dark-pulse mode-lock-
ing in the normal dispersion region [109]. Advancing this
work, in 2019, Xue and colleagues introduced super-effi-
cient temporal solitons within mutually coupled optical
cavities [110]. Their innovative pump recycling strategy
significantly enhanced power utilization efficiency, allow-
ing for nearly complete pump recycling and surpass-
ing the efficiency limitations of individual cavities, as
illustrated in Fig. 5d. Similarly committed to enhancing
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efficiency, Cole et al. observed soliton crystals in mono-
lithic Kerr microresonators, which offer higher conver-
sion efficiency and output power than solitary solitons
[111]. More recently, Helgason et al. addressed the fun-
damental efficiency limitation by inducing a controllable
frequency shift in two linearly coupled anomalous-dis-
persion microresonators, targeting a specific cavity reso-
nance and achieving conversion efficiencies over 50%,
as depicted in Fig. 5e [112]. To further boost the output
power of microcombs, recent proposals include driving
soliton excitation with coherent pulses [113], enhancing
conversion efficiency through photonic diatomic molecu-
lar structures [114], and compensating for intrinsic losses
with intracavity erbium gain [115, 116]. These methods
provide various pathways for improving the performance
of Kerr microcombs.

In addition to efficiency or power improvements, man-
aging the dynamic behavior of microcombs is a critical
aspect of their development. Such control enhances the
utility of microcombs in cutting-edge fields like data cod-
ing and signal processing. State-of-the-art techniques
allow for manipulation of various parameters including
intensity, frequency, repetition rate, and spectral range
through electrical, mechanical, optical, and thermal
methods.

Leveraging the Pockels effect observed in materials
with second-order nonlinearity, it is possible to electri-
cally adjust the intensities of individual comb teeth, facil-
itating spectral shaping [77, 117]. For instance, research
by Zhang et al. showcased the ability to vary the oscil-
lating frequency of a comb from 10 Hz to over 100 MHz
using a dual radio frequency setup within a LiNbO,
microresonator, as represented in Fig. 6a [77]. This
approach is characterized by its significant electro-opti-
cal response, minimal optical attenuation, and the close
integration of microwave and optical fields, allowing for
dispersion manipulation. Using this method, the micro
electro-optic (EO) comb can cover frequencies spanning
beyond the full telecommunications L-band, achieving
dispersion control across an octave range. A single device
of this kind can produce over 900 comb teeth with a
slope of 1 dB-nm™! and a repetition rate of 10.453 GHz.
Similarly, researchers have employed a LiNbO; micro-
resonator to generate, select, and modulate a frequency
comb on a unified monolithic chip [118]. They utilized
a nanophotonic lithium-niobate platform notable for
its pronounced electro-optic and Kerr nonlinearities
coupled with low optical losses. By designing a high-Q
lithium-niobate microresonator with engineered disper-
sion properties, they were able to create broad-spectrum
Kerr frequency combs. Additionally, they isolated a sin-
gle comb line using an electrically tunable add-drop filter
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via integrated heater [83]

and modulated the intensity of that chosen line, integrat-
ing multiple functionalities within a single device.
Electrical control can program the dispersion and
energy accumulation in a graphene based microcavity
(Fig. 6b), enabling diverse soliton states and self-feedback
stabilization [59, 60]. Specifically, by coupling the gate-
tunable optical conductivity to a silicon nitride photonic
microresonator, Yao et al. demonstrated the gated intra-
cavity tunability of graphene-based optical frequency
combs, thus modulating its second- and higher-order
chromatic dispersions by altering the Fermi level. This
produced charge-tunable primary comb lines from 2.3
terahertz to 7.2 terahertz, controllable coherent Kerr
frequency combs, Cherenkov radiations and versatile
soliton states, all in a single microcavity. In addition, the
same group illustrated electrically controllable laser fre-
quency combs in a heterogeneous graphene-fibre micro-
cavity. By altering the Fermi level of atomically thick

graphene, they simultaneously demonstrated the tunable
absorption, controllable Q-factor, and fast optoelectronic
feedback stabilization [119, 120]. Thus, this microcomb
device can deliver tunable repetition rates, controllable
wavelengths, and self-stabilized phase noise.

The emergence of piezoelectric materials, coupled
with the refinement of integration processes, has made
mechanical methods viable for manipulating micro-
combs. Voltage applied to a piezoelectric actuator can
swiftly adjust the resonant frequency of a microcav-
ity, offering improvements in linearity and modulation
bandwidth (see Fig. 6¢). A notable example is the integra-
tion of an AIN piezoelectric actuator onto an ultra-low
loss SizN, photonic circuit, which enabled MHz-order
bandwidth tuning [44]. More recent developments have
seen tuning ranges exceed 1 GHz with impressively high
ramping speeds up to 800 kHz, which have been success-
fully implemented in optical ranging applications [121].
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Mechanical stress is another means to alter mode dis-
tribution in flexible fiber microcavities [92, 122]. Such
manipulation has enabled the repetition offset of dual
soliton microcombs to scan over a 2 MHz range, provid-
ing a mechanism for controlled photonic microwave gen-
eration (illustrated in Fig. 6d). Additionally, by injecting
external light into the microcavity, controllable self-oscil-
lation was found, leading to the synthesis of reconfigur-
able soliton crystals with order numbers ranging from 1
to 32 [123]. The stability of soliton can be optically tuned
and enhanced by injecting another blue-detuned laser,
relying on its opto-thermally induced cooling effect [124].
Besides, Dutt et al. observed that by using integrated
microheaters, microcombs can be deterministically
tuned into soliton mode-locked states [83], as depicted in
Fig. 6e. Zhu et al. employed an auxiliary laser to achieve
tunable line-to-line wavelengths across 0.8 nm for Kerr
combs and 2.67 nm for Raman-Kerr combs [125]. Fur-
ther advancements in 2021 by Tan et al. utilized similar
laser-assisted technology to realize bi-directional on—off
switching of dual Kerr soliton microcombs within a sin-
gle whispering-gallery-mode (WGM) resonator [116].

3 Microcomb based information carriers

A distinctive characteristic of the microcomb is its cen-
tral frequency situated within the optical spectrum, with
a repetition rate that falls within the radio frequency
range. This inherent advantage positions it as an effective
information carrier, seamlessly connecting the realms of
photonics and electronics. This section is dedicated to
exploring applications of the microcomb, including signal
generation and synchronization, telecommunications,
and quantum information.

3.1 Signal generation & synchronization

The generation of stable electromagnetic wave oscillation
across a spectrum from millimeter waves to optical fre-
quencies is critically important for contemporary science
and technology. It supports an array of frontier applica-
tions spanning from communication to metrology that
are integral to our society. The leading-edge techniques
currently employed for generating tunable continuous-
wave (CW) radiation encompass electronic technologies
[126], frequency multiplication [127], photomixing with
dual infrared wavelengths [128], quantum-cascade lasers
(QCLs) [129], molecular gas lasers [130], free-electron
lasers [131], and CMOS-compatible photonic integrated
technologies [132]. Traditional electrical-circuit meth-
ods encounter limitations with respect to the operable
frequency range and phase noise performance. While
frequency multiplication can provide milliwatt-level
radiation power, it typically struggles to exceed 1 THz in
frequency. Furthermore, the operational frequency range
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of these methods is often restricted due to challenges like
impedance matching and waveguide cutoff constraints.

Photonic technology is revolutionizing the generation
of reliable high-frequency continuous-wave (CW) radia-
tions [133]. Through direct heterodyne photo-mixing,
it is possible to produce millimeter or terahertz radia-
tions with a flexible frequency tuning range and a wide
operating frequency bandwidth. Recent advances have
led to the generation of high-power and coherent mil-
limeter waves, achieved by integrating microresonators
with optical frequency division (OFD) techniques, rapid
direct detection methods, and optical spectral shaping
technologies [134, 135]. The spectral purity of the sig-
nals generated has been exemplified in Fig. 7a [136]. To
address the challenges posed by direct millimeter wave
photodetection, including issues of spectral purity and
stability, a variety of innovative optical technologies have
been explored. These include W-band optoelectronic
oscillators [137], electro-optic (EO) frequency division
methods [138], high-Q microresonator oscillators [139],
and advancements in OFD [140, 141]. The OFD tech-
nique, in particular, was originally developed for ultra-
low noise microwave generation, employing optical clock
methodologies and femtosecond-laser-based broadband
self-referenced frequency combs. This approach has led
to unprecedented noise performance levels.

Frequency division can be succinctly represented as
Jrep=VoSceo)/n, where v and f,, denote the reference
frequencies within the optical and microwave realms
respectively, and # is the integer multiple that defines
the frequency division. The soliton microcomb functions
as a high-frequency mechanism when used in conjunc-
tion with ultrafast optoelectronic devices, thus facilitat-
ing OFD in both the millimeter-wave and terahertz-wave
domains through analogous operational principles. One
of the primary challenges in this field is the stable and
accurate attainment of conventional self-referenced fre-
quency combs, which poses obstacles in the process of
frequency doubling.

To circumvent these difficulties, the method of exter-
nally locking two comb teeth has emerged as a viable
alternative, albeit at the cost of a reduced frequency divi-
sion ratio. This approach can involve the utilization of
two low noise Brillouin Stokes waves [134, 142], external-
cavity stabilized lasers [143], among other techniques. A
process of generating divided millimeter-wave frequen-
cies is depicted in Fig. 7b. Furthermore, the utilization
of Kerr nonlinearity within microresonators has recently
enabled the passive, electronics-free phase locking of
a frequency microcomb to an injected reference laser, a
development relevant to optical clockwork synthesiz-
ers [144]. The experimental demonstration corroborates
the anticipated frequency division behavior. For the
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generation of signals in the terahertz domain, research-
ers have resorted to photomixing methods. Coherent
terahertz radiation has been successfully produced by
converting optical frequencies down to the terahertz
range. This conversion is achieved by employing a plas-
monic nanoantenna array in tandem with chip-scale
optical parametric oscillation, with the methodology
illustrated in Fig. 7c [145].

To generate stable optical frequencies, various methods
are employed, such as semiconductor lasers with external
cavity techniques [146, 147], stabilization of optical fre-
quencies via optical transitions [5], and optical frequency
synthesis [148]. Both the external-cavity technique and
optical transition stabilization face challenges related to
tunability and precision limitations. Optical frequency
synthesis, which is revolutionizing ultrafast science and
metrology, takes its origin from conventional synthesizer
techniques that synthesize radio and microwave-fre-
quency signals for use in communication and radar navi-
gation systems. Over recent decades, optical synthesizers
have been demonstrated using table-top mode-locked
laser frequency combs and photonic-crystal fiber-based
supercontinuum generation to achieve absolute fre-
quency control. However, these solutions have been
confined to laboratory settings due to their size, power
consumption, and cost constraints. The synthesis of abso-
lute frequency in the optical domain can be formulated
as v, =nfie+feeor Where f,, and f.., are microwave fre-
quencies, and n is an integer representing the frequency
multiplication factor. With substantial advances in inte-
grated optics, highlighted by the successful creation of a
phase-locked microwave-to-optical link [149] and high-
efficiency waveguides [150], optical frequency synthesis
is poised for new stages of broader application.

Leveraging microcombs, a low relative uncertainty
chip-scale optical frequency synthesizer is achieved via
phase-locking both a comb line and the intrinsic comb
spacing [151]. This advancement harnesses the power of
heterogeneously integrated III-V/silicon tunable lasers,
nonlinear on-chip frequency combs, and highly effi-
cient nonlinear waveguides. Such integration allows for
user-defined programmable optical frequencies, eas-
ily controlled through the manipulation of external ref-
erence clocks, as illustrated in Fig. 7d [33]. Crucial to
this setup are the phase stabilization of an interlocked
soliton microcomb pair at microwave and terahertz fre-
quencies, as well as precise dispersion management that
affects the spectral profile. With the incorporation of
fully integrated silicon-based tunable lasers, an optical
frequency synthesizer is constructed that self-calibrates
through adjustments to the repetition rate of its inter-
nal mode-locked laser, benefitting from advancements
in silicon photonics and rare-earth-doping techniques
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[152]. Further confirmations of such a system’s capabili-
ties are exemplified by incorporating a supercontinuum
waveguide and a second harmonic generator within a
silicon photonics platform [153]. Moreover, remarkable
methods are demonstrated recently for integrated opti-
cal-frequency-division based on dual-mode locking [154]
and chip-scale optical parametric oscillation [155, 156],
which are promising for the high-purity millimeter and
terahertz emission, as Fig. 7e, f shows.

Furthermore, heterogeneous integration enables the
production of high spectral purity signals at millimeter,
terahertz, and optical wavelengths in form factors that
are compact, cost-effective, and suited for high-volume
manufacturing. By combining active and passive com-
ponents—semiconductor lasers and amplifiers, photo-
detectors, electro-optic modulators, passive waveguides,
and CMOS electronics—all on a single silicon chip, these
agile oscillation sources are redefining potential applica-
tions. The availability of these technologies marks the
dawn of a new era, laying a versatile foundation that
holds promise for advancing fields from space science to
life sciences.

3.2 Data delivery

Data transmission relying on optical technologies under-
pins modern information systems. Optical communi-
cation, which serves as the backbone of these systems,
leverages various physical channels such as optical fiber
[157] and free-space atmospheric links [158] to revo-
lutionize traditional communications. Utilizing highly
parallel techniques like wavelength division multiplex-
ing (WDM) [159], polarization multiplexing, and spatial-
mode division multiplexing [160], along with spectrally
efficient advanced modulation formats [161], allows for
data transmission capacities exceeding several petabits
per second. The advent of silicon photonics platforms
facilitates the integration of photonic—electronic devices,
including lasers, modulators, detectors, and micror-
ings-based WDM, through large-scale, fabless CMOS
processing, advancing towards chip-scale terabit-per-
second transceivers. Chip-scale data transmitters with
distributed feedback (DFB) laser arrays [162] have been
successfully developed on indium phosphide (InP) sub-
strates. These offer a substantial number of channels,
although incorporating with other silicon photonic com-
ponents presents challenges due to material interfaces.
Additionally, the number of channels and wavelength sta-
bility are limited by the gain bandwidth of semiconductor
materials and thermal effects. Besides, key parameters
such as data speed, spectral and energy efficiency, inte-
gration footprint, and data capacity are crucial. Intensi-
fying research efforts to integrate these components and
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minimize the footprint is an important direction for fur-
ther development.

Microcombs offer a viable alternative to traditional
laser arrays for wavelength division multiplexing
(WDM), particularly in scenarios that demand significant
scalability to meet the burgeoning demands of internet
communications. With their inherently low phase and
amplitude noise paired with an adequate number of car-
rier channels, microcombs are poised to transform terabit
communication systems. They enable transmission tech-
niques such as orthogonal frequency-division multiplex-
ing (OFDM) [163] and Nyquist-WDM [164], which use
tightly packed subcarriers. Benefiting from less random
wavelength drift, microcombs provide a precise broad-
band wavelength grid, minimizing crosstalk between
neighboring data channels and reducing the need for
protective guard bands. The phase coherence between
channels also facilitates joint digital signal processing
across multiple data channels, leading to reduced power
consumption and circuit complexity. Explorations into
microcomb-based data transmission include experiments
using spectrally broadened mode-locked femtosecond
pulses and the external modulation of continuous-wave
lasers [165, 166]. Through multi-stage four-wave mixing
(FWM) processes within Kerr-nonlinear microresona-
tors, high-power, large-spacing Kerr frequency combs
have emerged as promising tools for handling vast vol-
umes of data transmission. These systems also offer the
advantages of dispersion-tailored parametric conversion
over traditional gain emission in active media, with the
added benefit of flexible and scalable modulation depth
and channel bandwidth.

Data transmission at gigabit-per-second rate has been
achieved utilizing a Kerr microcomb combined with
quadrature phase-shift keying and 16-state quadrature
amplitude modulation techniques [20]. Upon integrat-
ing feedback stabilization, the data transmission rates
exceeded one terabit per second. Further advance-
ments involved the use of two interleaved dissipative
Kerr soliton (DKS) frequency combs, which facilitated
tens-of-terabits-per-second data stream across the full
range of telecommunication C+L bands, coupled with
local oscillation detection [167]. Additional methods
were developed to establish chip-scale data transceivers
employing coherence cloned Kerr soliton microcombs
through dual-point locking mechanisms [168], wave-
length- and mode- multiplexing via photonics inverse-
design on silicon photonic circuits [169], dark-pulse
comb configurations [170, 171], and spatial multiplex-
ing techniques [172]. These were used alongside phase-
correlated channel data demodulation for improved
performance. Additionally, a terabit optical orthogonal
OFDM superchannel exhibited high spectral efficiency
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[173]. Ultra-dense optical data transmission and ultrafast
optical circuit switching were also successfully carried
out over standard fiber and arrayed waveguide grating
respectively using a singular frequency comb chip source
[174, 175]. The amalgamation of diverse photonic inte-
gration platforms, including III-V semiconductors [176],
ring resonators equipped with low-loss Si;N, technology
[177], as well as compact and energy-efficient multiplex-
ing and de-multiplexing filters based on large-scale sili-
con photonic integration [178], has played a pivotal role.
Furthermore, thin-film lithium niobate modulators and
III-V uni-traveling-carrier photodetectors have contrib-
uted to these developments [179, 180]. Collectively, these
innovations are paving the way toward chip-scale peta-
bit-per-second transceivers.

The Kerr microcomb has proved to be a versatile tool,
enhancing the performance of fiber-based large-capacity
communication systems, as well as applications in free-
space and wireless communication domains, as depicted
in Fig. 8a [20, 181]. By combining two frequency micro-
combs spectrally, a groundbreaking data transmission
rate of 50 Tbit/s was achieved using 179 distinct opti-
cal carriers, illustrated in Fig. 8b. This setup enabled
error-free, multi-channel coherent data transmission
over a 75 km fiber link [167]. Subsequently, leveraging
dark-pulse microcombs led to improved data transmis-
sion quality, thanks to the higher optical signal-to-noise
ratio afforded by increased single comb line power, as
shown in Fig. 8c [171]. Building on these advances, ter-
abit-scale coherent data transmission has been explored
using coherent cloned soliton microcombs. This method
involved pump laser propagation and the application of
two-point locking techniques, detailed in Fig. 8d [168].
For instance, a remarkable feat in ultra-dense optical data
transmission reaches a line rate of 44.2 TB/s and a spec-
tral efficiency of 10.4 bits/s/Hz during a field trial over an
existing network infrastructure. In this work, bit error
rate, spectral efficiency, and generalized mutual informa-
tion (GMI) across the C-band are summarized in Fig. 8e
[174]. Besides, Oxenlowe et al. successfully demonstrated
data transmission capability at 1.84 PB/s over a 37-core,
7.9 km long multi-core fiber utilizing 223 wavelength
channels, as documented in Fig. 8f. Projections for sys-
tems with the potential to reach capacities up to 100 PB/s
were also discussed, employing highly parallel space and
wavelength multiplexing techniques [170]. In addition
to capacity testing, key technical parameters have been
thoroughly investigated. These include modulated opti-
cal spectra, signal-to-noise ratio (SNR) metrics, constel-
lation mappings, eye diagrams, SNR, and bit-error-rate
(BER) estimations across multiple channels considering
the forward error correction (FEC) threshold, as well as
the analysis of BER sensitivity performance.
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[170,174]

3.3 Quantum information carriers

Cavity-enhanced devices such as microcombs are also
deeply investigated and widely attractive in quantum
information technology, thanks to the high Q-factor,
small mode volume, and flexible dispersion engineer-
ing, which allows strong interaction between photons
and other quantum systems. For instance, the quantum
light generation, hyperentanglement harnessing and the
quantum transduction have been demonstrated in recent
years in optical cavities [182-185]. These advancements
highlight the significance of cavity-enhanced devices
and have great potential for the development of practical
information technologies exploiting effects of quantum
physics. In particular, optical microcombs are capable
of providing hundreds of quantum channels from a sin-
gle microresonator and represent a new generation of
non-classical light sources for realizing compact and
large-scale quantum optical systems with applications

in quantum communications, quantum computing and
quantum metrology [186—-188].

The quantum counterpart of the classical frequency
combs, known as “quantum frequency combs’, exhib-
its multi-modal properties and can achieve photon
entanglement in discrete frequency modes. This makes
quantum frequency combs a significant candidate for
generating multi-wavelength quantum entanglement.
With the second order (x®) and the third order (x®)
nonlinear optical materials, integrated quantum light
sources have been achieved based on the processes of
spontaneous parametric down-conversion (SPDC) and
spontaneous four-wave mixing (SEWM) [189]. In 2014,
Reimer et al. generated the generation of five correlated
photon pairs based on Hydex platform [190]. As shown
in Fig. 9a, they experimentally achieved the generation of
multiphoton entangled quantum by means of integrated
frequency combs with Hydex in 2016, showing attractive
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properties such as high scalability through multiple
mode operation, high purity of generated entangled pho-
tons, and high compatibility with fiber optic technolo-
gies [191]. Furthermore, in 2017, scientists achieved the
generation and coherent manipulation of high-dimen-
sional quantum entangled states [192]. Using a silicon
nitride microring with a Q-factor of 2x 10, the genera-
tion of correlated photon pairs was realized, where the
single-side counting rate of detected signal/idler photon
reaches 290 kHz when the pump power is 3 mW. With
a silicon nitride microring resonator of a free spectral
range of ~40 GHz, Lu et al. realized the generation of 51
photon pairs and reconstructed the full density matrix in
up to an 8 X 8-dimensional two-qudit Hilbert space [193].
More recently, Fan et al. [194] reported the multi-wave-
length quantum light source on silicon nitride microring
with a free spectral range of 200 GHz. The generation
of eight-wavelength-paired photon pairs were realized
in a wavelength range of 25.6 nm. With device optimi-
zation and noise rejection, this source enabled the gen-
eration of energy-time entanglement with a visibility of
99.39 +0.45% (Fig. 9b).

As a widely used optical material, lithium niobate has
a high second-order nonlinear coefficient, which can
be used to generate high-quality correlation/entangled
photon pairs [195-197]. As shown in Fig. 9¢c, based on
periodically poled lithium niobate microring, Ma et al.
[198] realized high-quality photon pair generation with
coincidence-to-accidental ratio, i.e., CAR, up to 14,682
and heralded single-photon autocorrelation. Xue et al.

realized photon-pair generation rate of 2.79x 10 Hz/
mW in 160-nm SPDC bandwidth based on a lithium nio-
bate on isolator chip, eight-channel multiplexed energy-
time entanglement was demonstrated by measuring the
Franson interference with visibilities of over 97% [199].
Besides, in 2022, Guidry et al. [200] reported that a sta-
ble temporal lattice of solitons can isolate a multimode
below-threshold Gaussian state from any admixture of
coherent light, and predict that all-to-all entanglement
can be realized for the state. In 2023, Ma et al. demon-
strated the entangled photon pair generation in an inte-
grated silicon carbide platform for the first time with the
two-photon interference fringes exhibiting a visibility
larger than 99% [201]. In addition to generating single/
entangled photons, microcombs can also be used to gen-
erate squeezed light [202, 203]. In 2018, Stern et al. dem-
onstrated a battery-operated integrated frequency comb
generator, exciting low-noise soliton microcombs using
only 98 milliwatts of electrical pump power [204]. In
2019, Raja et al. showcased an electrically-driven soliton
microcomb by coupling an indium phosphide laser diode
chip to a high Q Si;N, microcavity [205]. These achieve-
ments provide powerful tools for generating entangled
photons or squeezed light, offering more convenient
operation and lower power consumption.

With the development of quantum frequency combs,
entangled photon sources based on microcomb technol-
ogy also have been extensively studied in quantum key
distribution and quantum swapping benefitted to the
natural property of multi wavelength of the resonator.
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In 2021, Samara et al. [206] achieved the entanglement
swapping between independent and asynchronous inte-
grated photon-pair sources using two silicon nitride
microring resonators, as shown in Fig. 9d. The inter-
ference visibility is over 91%, which shows the great
potential of integrated devices for distributed quantum
network architectures and protocols. Furthermore, to
realize a large-scale quantum network, it is quite impor-
tant to establish communication links among multiple
users with integrated multiwavelength quantum light
sources. In 2022, Wen et al. [207] experimentally dem-
onstrated a fully connected four-user quantum network
with the generated comb-like bipartite energy-time
entangled states in a silicon nitride microring resonator,
paving the way for the development of large-scale entan-
glement-based quantum network, which is illustrated in
Fig. 9.

4 Microcomb based information acquisition
Frequency combs are widely acknowledged for their
inherent stability, positioning them as essential “rulers”
in metrology and high-precision detection applications.
The implementation of frequency combs has substan-
tially enhanced resolution across various measurement
systems. Microcombs, notable for their compact size,
adaptable design, and customizable features, stand out
as particularly suitable for rapid and precise information
gathering. In this section, we will explore the advance-
ments facilitated by microcomb technology in the fields
of spectroscopy, LiDAR, and sensing.

4.1 Microcomb based spectroscopy

Rapid and precise characterization of optical and vibra-
tional spectra in cluttered environments has the poten-
tial to identify species and provide early alerts. The use
of multiphoton interactions between light and atoms to
probe these elements, particularly for detecting trace
gases, is proving beneficial. Spectroscopy, which spans
the ultraviolet to terahertz spectral range, is capable of
analyzing a mixture of analytes amidst both inhomoge-
neous and homogeneous broadening [208, 209]. Critical
parameters for laser spectroscopy encompass tunability
of the center wavelength, frequency agility, total opti-
cal power, signal-to-noise ratio (SNR), sensitivity,
precision, spectral resolution, system footprint, meas-
urement times, and acquisition rates. A fast acquisition
rate is crucial for the study of instantaneous dynamics
but must be balanced against spectral resolution. Addi-
tionally, the SNR diminishes as the number of sampling
spectral components increases for a given incident opti-
cal power on photodetector. Advanced laser spectros-
copy techniques leverage nonlinear supercontinuum
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photonics, microwave photonics, ultrafast optics, and
quantum optics. The electro-optic intensity modulators,
mode-locked femtosecond lasers, and continuous-wave
lasers with narrow linewidths, all featuring complex
synchronization, serve as laser sources for fundamental
spectroscopy. Mid-infrared combs are generated using
difference-frequency-generation, optical parametric
oscillation, or supercontinuum generation with mode-
locked femtosecond lasers, as well as electro-optic
frequency combs with varying repetition rates. This
multidimensional and sensitive approach to laser spec-
troscopy facilitates diagnostics of non-static phenomena
in liquid or condensed matter and contributes to atmos-
pheric monitoring efforts.

Dual-frequency-comb spectroscopy (DCS) employs
two combs with slightly divergent repetition rates; one
comb traverses a test sample while the other serves as a
reference, circumventing the need for bulky mechani-
cal spectrometers [210, 211]. The architecture’s output
is captured by a high-speed photodetector, producing a
periodically fluctuating interferogram. This data is then
subjected to Fourier transformation to extract the spec-
tral information. Recent advancements have led to the
development of spectroscopy devices integrated onto
chips, enabling real-time identification of trace molecules
for gas sensing. These on-chip devices achieve rapid
acquisition rates and exceptionally high signal-to-noise
ratios. Scientists employ microcombs in spectroscopy
due to their compact size, high coherence, and the poten-
tial for integration with on-chip or in-module technolo-
gies. The microresonator’s ability to enhance light-matter
interactions in a small volume, due to its high Q factor,
facilitates the detection of minute spectral features, thus
allowing for the detection of trace amounts of substances.
Additionally, related to conventional frequency combs
based on mode locked lasers, microcombs offer faster
acquisition times and can be fabricated with compatible
materials for different spectral regions, making them ver-
satile tools for a variety of sensing applications ranging
from environmental monitoring to medical diagnostics.
In addition, due to their high repetition frequency, it is
easier to achieve ultra-broadband coverage in a microres-
onator. The microcombs’ compatibility with established
semiconductor fabrication techniques also presents a
path toward scalable and cost-effective production, fur-
ther enhancing their appeal.

Figure 10a illustrates a miniaturized, soliton micro-
comb-based dual-microresonator DCS chip. This
platform integrates a directional coupler to deline-
ate the gas cell spectral absorber [212]. The figure also
presents measured molecular absorption spectra for
comparison with those obtained using a wavelength-
calibrated scanning laser system. In Fig. 10b, we show
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a nanophotonic silicon-on-insulator platform crafted
for mid-infrared DCS [213]. It features two coher-
ently mode-locked frequency combs, which cover
wavelengths ranging from 2.6 to 4.1 um and deliver a
spectral resolution of 127 GHz (4.2 cm™'). Figure 10c
showcases the enhancement in signal-to-noise ratio
for absorption spectroscopy across a span of 170 nm
facilitated by an integrated dual-microcomb source
[83], this mutually coherent source is powered by a
singular pump laser and boasts rapid data acquisition.
Furthermore, Fig. 10d depicts the application of micro-
comb technology in sub-Doppler and hyperfine atomic
spectroscopy [214]. This technique benefits from the
concurrent control over the microcomb repetition rate
and the carrier-envelope offset frequency. The spec-
troscopy employs a cascaded, two-photon transition at
1529 nm in a micro-machined rubidium cell for atomic
transitions. Figure 10e demonstrates a GHz-resolution
mid-infrared comb that utilizes interleaved difference
frequency generation based on a soliton microcomb
[215]. Lastly, Fig. 10f presents dual-microspectrom-
eters constructed on a low-loss thin-film lithium-nio-
bate-on-insulator platform which ensures frequency
agility and promotes spectrally-tailored multiplexed
spectroscopy [216]. This setup allows for the injection
of multiple continuous wave lasers into the system,
thereby enabling a broad and flexibly controlled spec-
tral coverage.

4.2 Microcomb based LiDAR and imaging

Laser Detection and Ranging (LiDAR), often regarded as
the optical counterpart to RADAR, is an essential tech-
nology propelled by the burgeoning field of autonomous
vehicles. These systems necessitate real-time updates
of three-dimensional (3D) distance measurements and
velocity tracking. With advancements in chip-scale nano-
photonics, microcombs have emerged as a powerful tool
for achieving rapid, precise, and long-range measure-
ments, marking significant progress in the domain of
optical comb ranging technology. Typically, LIDAR sys-
tems that leverage microcombs can be classified into sev-
eral types using different analysis schemes: time-of-flight
(ToF), frequency-modulated continuous-wave (FMCW),
dispersive interferometry (DPI), and random-modulated
continuous wave (RMCW).

ToF LiDAR operates by gauging the duration taken
by a wave to traverse the distance from the source to
the target and back. This approach is prevalent in rang-
ing applications. In 2018, Trocha et al. showcased an
accurate and ultrafast ranging system that utilized the
ToF technique coupled with two soliton microcombs.
This setup achieved in-flight sampling and swift rang-
ing of projectiles traveling around 150 m/s, delivering a
lateral resolution of approximately 2 pm and an acquisi-
tion rate near 100 MHz [217], as Fig. 11a shows. More-
over, the implementation of two counterpropagating
soliton microcombs produced from a single silica wedge
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resonator allowed for the realization of a ToF LiDAR sys- et al. advanced the precision of such systems by employ-
tem with a remarkable precision of roughly 200 nm over  ing spectrally resolved interferometry between refer-
a half-second averaging period [218]. Furthermore, Jang ence and measurement pulses, alongside a single soliton
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microcomb [219]. This technique mapped information
onto the optical ToF and achieved an impressive preci-
sion of 3 nm across a 23 mm unambiguous range, main-
taining precise metrology for durations exceeding 1000 s.

FMCW LiDAR, which converts distance information
into frequency variations using frequency-chirped wave-
forms, captures the velocity of objects through Doppler
frequency shifts identified in the reflected laser beam
following a delayed homodyne detection process. This
technology achieves high resolution that depends on
the extent of the chirp excursion, and does so without
the necessity for high-bandwidth electronics. In 2020,
Riemensberger and colleagues showcased an advanced
parallel coherent FMCW LiDAR system [220]. This was
achieved by rapidly varying the frequency of the pump
laser and transmitting the chirped signal to each spec-
tral comb tooth within a soliton microcomb. Such an
approach allows for the simultaneous measurement
of both the distance and velocity of three-dimensional
objects, vastly improving frame rates by orders of mag-
nitude as illustrated in Fig. 11b. Building on this con-
cept, Lukashchuk et al. introduced a hardware-efficient
methodology utilizing a dual-soliton microcomb that
performs coherent ranging and velocimetry at megapixel
per second line scan speeds, reaching measurement rates
of 5.6 megapixels per second across more than 64 optical
channels [221].

DPI LiDAR, tailored for long-range measurements,
deciphers distance by analyzing interference spec-
trum envelopes. Its robustness against interference and
extended coherent lengths make it particularly effective
for greater distances. However, conventional DPI LiDAR
systems encounter a measurement dead zone caused by
the disparity between the spectrum analyzer’s resolu-
tion and the repetition rate of the frequency comb. To
overcome this limitation, high-repetition-rate optical
microcombs have been employed, effectively eliminat-
ing the dead zone and thus enabling DPI-based LiDAR
to perform long-distance ranging accurately. In 2021,
Wang and collaborators have demonstrated a DPI LiDAR
powered by an on-chip soliton microcomb [222], achiev-
ing a remarkable long-range detection capability of up
to 1179 m during real-time high-speed measurements,
with an impressive minimum Allen deviation of 5.6 um
and an operation time averaging 0.2 ms, as showcased in
Fig. 11c. Additionally, they proposed a multi-pulse train
interference technique that effectively resolved the issue
of overlapping cross-correlation interference fringes,
enhancing the measurement accuracy to 384 nm over a
1.5 m range [223].

RMCW LiDAR, which pinpoint the apex of the cor-
relation trace from a randomly modulated signal, are
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well-suited for scenarios characterized by substantial
optical disturbances or when multiple devices are oper-
ating concurrently within a confined area. In 2023, the
development of an incoherent, highly parallel LiDAR
was accomplished through the employment of a chaotic
microcomb [224]. This technological advancement made
use of the innate random modulation of both amplitude
and phase present in the chaotic comb lines, thus achiev-
ing a ranging precision at the millimeter scale and a
velocity resolution at the level of millimeters per second,
as depicted in Fig. 11d. In a similar vein, Lukashchuk
and colleagues successfully showcased a modulator-free,
massively parallel RMCW LiDAR system powered by a
chaotic microcomb [225]. This system is capable of deliv-
ering clear-cut distance and velocity data with an impres-
sive resolution of approximately 10 cm, a feat made
possible due to its distinct noise bandwidth of around
1 GHz.

Based on this as a partial foundation, microcombs have
been recently deployed in innovative ways within imag-
ing applications. Frequency comb sources are well-estab-
lished in optical telecommunications, but for biomedical
and Raman imaging techniques like optical coherence
tomography (OCT), near-infrared spectral microcombs
are essential. Addressing this, Karpov et al. engineered a
SizN, microring resonator’s dispersion properties to cre-
ate an octave-spanning soliton microcomb that extends
down to 776 nm, which falls within the optical biologi-
cal imaging window, by utilizing a 1 pm laser light drive
[226]. Their efforts demonstrated potent imaging capa-
bilities. Building on this development, Ji et al. unveiled
a microcomb-based light source for OCT that boasts
a conversion efficiency of 30% in a non-phase locked
regime. This system is compatible with standard com-
mercial spectral domain (SD) OCT systems and capa-
ble of imaging human tissue with quality comparable to
that achieved by conventional benchtop sources, offer-
ing a route toward fully integrated OCT systems [227].
The low-noise characteristics of soliton microcombs
further enhance the imaging speed and performance in
microcomb-based OCT systems [228], surpassing results
obtained from systems employing superluminescent
diodes or incoherent microcomb states (Fig. 11e).

Imaging beyond OCT also benefits from microcomb
applications. Bao et al. employed a novel image retrieval
technique using two frequency combs, circumventing the
need for array sensors based on charge-coupled device
(CCD) and complementary metal oxide semiconduc-
tor (CMOS) technologies [229]. This method achieved
imaging of static targets, like the USAF 1951 resolution
test chart, and monitored the flow of microparticles
within a fluid cell, as Fig. 11f shows. In another creative
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application, a research team merged dual optical comb
technology with digital holography. This synergy har-
nessed the broad spectrum and high mutual temporal
coherence inherent in dual optical comb technology to
facilitate high-precision three-dimensional digital holo-
graphic reconstructions [230].

4.3 Microcomb based photonic sensing

Microcomb devices, being compact and highly coher-
ent oscillators, can be employed to develop and oper-
ate photonic sensors with exceptional sensitivity and
the capability to handle multiple channels. Typically, an
unmodified microcomb device is not responsive to exter-
nal environmental changes. However, by functionalizing
the microresonator [231], the frequency combs produced
within can exhibit remarkable sensitivities to various
physical or chemical parameters. Or, by using a micro-
comb as the light source, one can create a novel sensing
system. This functionalization on microresonator can be
achieved through modifications in materials or structure.
For instance, to sense force, the comb-tuning microres-
onator should be designed with mechanical flexibility.
For biochemical target detection, one could utilize the
evanescent waves in a WGM microcavity and coat the
microresonator’s surface with a material that enhances
its sensitivity. In practical applications, microcomb-based
sensors can be classified into two categories: single-point
sensors, which are compact in size; and distributed sen-
sors, capable of monitoring parameters across a wider
area.

Incorporating a sensitive material within a microcav-
ity, the frequency comb generated inside can be directly
utilized as a biochemical sensor [232]. Since 2019, the
synergy between frequency combs and microcavities
has been explored for sensor applications [233]. Utiliz-
ing interference phase measurements, Knoerzer and
colleagues developed a refractive index sensor with a
detection limit as low as 3.70x 1077 RIU (see Fig. 12a).
Furthermore, microcombs have been employed to aug-
ment the capabilities of integrated photonic biosen-
sor platforms [234]. A notable advancement involves
functionalizing an over-modal microresonator with a
graphene monolayer, facilitating the creation of a micro-
comb sensor distinguished by its high chemical selec-
tivity and sensitivity [95, 235]. The adsorption of gas
molecules on graphene alters the Fermi level, leading to
spectral changes in the high-order soliton frequencies
and their beat notes. This provides a powerful method
for detecting gas mixtures and monitoring trace single-
molecule dynamics. Such an optical microcomb sensor is
now available in a compact form, packaged in a plug-and-
play box roughly 10 ¢cm in size that incorporates a pump
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laser diode, polarization controller, microcavity, and pho-
todetector, as depicted in Fig. 12b. In a separate study,
An and colleagues explored how a comb pulse train can
evoke electrically tunable four-wave mixing in a gra-
phene-based D-shaped fiber heterostructure [236]. The
idler signal produced by the comb retains the source’s
repetition frequency, resulting in a beacon with minimal
intensity noise. With additional electrical filtering and
lock-in amplification, this sensing system demonstrates
capability in detecting ammonia and carbon dioxide
gases down to the level of individual molecules. Beyond
biochemical detection, microcombs have also been
applied to mechanical signal recognition. As illustrated
in Fig. 12¢, in 2021, Zhang et al. showed that optome-
chanical dissipative soliton combs produced in a micro-
resonator can identify low-frequency vibrations from a
cantilever tip induced by external electric pumping cir-
cuits [237]. In 2023, Qin et al. introduced a technique
where orthogonal soliton microcombs in a mechanically
pliable fiber cavity are used to detect forces and pressures
with high sensitivity (down to the sub-nanonewton scale)
and a broad dynamic range (up to 7.33 mN) [122]. This
achievement is realized through the measurement of car-
rier frequency offsets between two distinct microcombs.
Microcombs are proving to be valuable not only as
one-point sensors but also in the realm of distributed
sensing methods. A prime example is the innovative
O®-OTDR technique introduced by Soriano-Amat et al.,
which utilizes dual-comb spectrometry for fibre inter-
rogation and precise sampling of backscattered light
[238]. By incorporating a frequency comb into fiber
distributed acoustic sensing, the approach enhances
measurement resolution, mitigates existing trade-offs,
and suggests that strategic adjustments in the signal
generation stage of the comb could significantly lower
costs for systems where high levels of acoustic sampling
are not crucial (see Fig. 12d). An electrical modulation-
based microcomb has also been deployed in a Brillouin
optical time domain analyzer (B-OTDA), with impres-
sive outcomes [239]. Utilizing a frequency comb as the
probe wave has proven to suppress pulse distortion and
lessen non-local effects, which are key factors in broad-
ening the sensing range. In a cutting-edge development
of 2024, Li et al. detailed a state-of-the-art application: a
dual-comb-based coherently-parallel distributed acoustic
fiber sensor (DAS) [240]. This pioneering design permits
the linear amalgamation of sensor signals in proportion
to the number of comb lines, culminating in an extraor-
dinary leap in sensitivity, straightforward fading attenu-
ation and a capacity for high-powered, Brillouin-free
transmission that markedly expands the sensing distance,
refer to Fig. 12e. By employing 10-line comb pairs, the
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and individual gas molecule detection using microcomb solitons in a graphene over-modal microresonator [95]. ¢, Detection of a low-frequency
vibration of a cantilever tip using optomechanical soliton microcomb in a microtoroid [237]. d, Dual EO microcomb source enhances spatial
resolution in a fiber distributed sensing system [238]. e, On-chip dual Kerr microcomb based ultrasensitive distributed acoustic sensor [240]

researchers established a world-leading detection thresh-
old of 560 femtostrain (fe) per square root hertz at 1 kHz,
combined with a 5-m spatial resolution. Here fe means
that the strain changes the fiber length by 107'°. This
fusion of dual-microcomb metrology with DAS technol-
ogy heralds a new era of ultra-sensitive DAS capable of
achieving femtostrain-level sensitivity per square root
hertz, paving the way for the advent of advanced distrib-
uted geophones and sonars.

5 Microcomb based information processing

Microcombs are highly promising for information pro-
cessing due to their ability to produce a vast number of
coherent, equidistant frequencies that act like a coher-
ently parallel light source. Therefore, in time domain,
microcombs output ultrafast and ultranarrow pulses
which contains considerably high peak power. This offers
a tool to achieve energy conversion from photon to pho-
ton, or from photon to electron, with low threshold, low
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consumption, low noise but high efficiency, and thus ena-
bles complex information processing linearly or non-lin-
early. In RF processing, the down conversion combs can
be used for filtering or transforming RF signals; in opti-
cal logic operation, microcombs can work as pumps and
probes in a wide band and generate nonlinear signals; for
photonic computation and particularly in convolutional
neural networks (CNNs), microcombs can facilitate
parallel processing of multiple wavelengths, leading to
ultra-fast, high-throughput optical computing capabili-
ties within a compact size. The dense and stable lines of
microcombs allow for simultaneous processing of infor-
mation channels, making them ideally suited for meeting
the demands of high-performance, energy-efficient signal
processing and computation in next-generation photonic
systems. In this section, we emphasize the microcomb
based applications for radio frequency processing, optical
signal conversion and photonic computation.

5.1 Microcomb based radio frequency processing

The advancement of photonic integrated circuits (PICs)
has propelled microwave photonic (MPW) technologies
to new heights [241], enabling enhanced light-matter
interactions within minuscule footprints across various
material platforms [242]. Noteworthy breakthroughs
feature external cavity lasers with narrow linewidths,
integrated electro-optic modulators with ultrahigh
bandwidth capabilities such as thin-film lithium niobate
modulators and hybrid organic—plasmonic modula-
tors [243, 244], alongside frequency combs integrated
within the circuitry [65], waveguide optical amplifiers
[245], and photodetectors [246] boasting exceptional
bandwidth, all of which have thrived due to the advance-
ments in semiconductor technology. The exploration of
nonlinear optical processes in confined modal volumes
has unveiled a plethora of nonlinear effects, including
on-chip stimulated Brillouin scattering and frequency
doubling [247]. Furthermore, high-density integration
techniques, whether monolithic or utilizing multiple
materials through hybrid or heterogeneous integration,
have become the norm, paving the way for the creation
of multifunctional and reconfigurable single microwave
photonics processor chips, analogous to their electronic
counterparts [248, 249].

Exploration of MWP processors has been carried out
utilizing electro-optic and thermo-optic tuning meth-
ods as means to achieve controllable optical filtering,
differentiation, integration, and Hilbert transformation
[250]. These processes are implemented using materials
such as indium phosphide, silicon nitride, silicon-on-
insulator, gallium arsenide (GaAs), and lithium niobate.
The devices are structured in various topologies, includ-
ing triangular, hexagonal, and square meshes [251-253].
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Core components that form the foundation of these
systems include phase modulators, tunable couplers,
ring resonators, Mach-Zehnder interferometers, and
thermal-optic heaters. The progression in this field has
positioned integrated MWP technology as a leading solu-
tion, addressing challenges such as size, reliability, and
cost-effectiveness. Recent innovative demonstrations
majorly include the use of a soliton microcomb func-
tioning as a high-quality multiwavelength optical source.
This has furthered capabilities in microwave generation
[254] and enabled advanced applications like tapped-
delay-line microwave photonic filtering [255], true-time
delay beamforming [256], arbitrary waveform generation
[257], RF channelization [258], and analog signal process-
ing [259]. These advancements underscore the dynamic
nature of MWP processors in modern photonic systems.

The demonstration of reconfigurable photonic filters,
which leverage the inherent flexibility of soliton dynam-
ics such as pristine soliton crystals and complex soliton
formations, is achieved without the need for programma-
ble pulse shaping. By manipulating the relative azimuthal
angles during the round-trip cycles, as well as tuning
the number of cycles themselves, both the passband fre-
quencies and the shape of the filter can be dynamically
adjusted [260], as depicted in Fig. 13a. Furthermore,
scientists illustrated a single-bandpass photonic RF fil-
ter utilizing a discrete-wavelength comb source, which
offers a tunable center frequency alongside a shape that
can be programmed [255]. Progressing to beamforming,
we demonstrate a true-time delay approach in Fig. 13b.
In this work, binary-coded notch filters and RF equal-
izing filters are successfully realized, which come with
adjustable slopes, bandwidths, and center frequencies
[261]. Refinement continues in the form of an adaptable
intensity differentiator, which boasts variable differen-
tiation orders and is presented in Fig. 13c. This device’s
capabilities are a result of precise programming and
shaping of individual comb lines informed by calculated
tap weights [262]. In the domain of RF photonics, a frac-
tional Hilbert transformer with flexible features is show-
cased in Fig. 13d. This transformer allows for adjustable
bandwidths, selectable fractional orders, and switchable
center frequencies, all the while offering broad opera-
tional bandwidth [263, 264]. Lastly, we demonstrate a
broad-spectrum RF channelizer that integrates microring
filtering with a broad soliton microcomb in Fig. 13e. The
reliability of microwave photonic processing is somewhat
constrained by tap errors as well as power fluctuations
in the comb lines that occur during comb shaping [265,
266]. To counteract these limitations, a real-time feed-
back control path is employed, enhancing the system’s
performance through error minimization.
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[266]

5.2 Microcomb based nonlinear conversion

Microcombs also show great promise as a versatile opti-
cal source for use in optical nonlinear conversion (such
as new frequency excitation). One of their superiorities
lies in their ability to generate a broad spectrum of fre-
quencies from a single laser source with remarkably nar-
row linewidth, allowing efficient and accurate frequency
conversion and mixing without increasing complexity
or footprint. Therefore, microcombs help to address the
need for the compact, stable, low-noise, high-coherence
and high-resolution sources for advanced nonlinear pro-
cessing techniques. The most important characteristics of
microcombs in these contexts include their phase coher-
ence, low phase noise, and the ability to tailor the comb’s
spectral bandwidth and line spacing. These attributes
directly translate to improved performance and offers
better accuracy and resolution while minimizing the size
and power consumption of the equipment.

Being highly-coherent pulsed lasers, microcombs natu-
rally stand as ideal light sources for nonlinear conversion,
particularly in scenarios requiring both high peak power
and precise time—frequency calibration, such as pump-
probe experiments [267]. These devices offer multiple

channels that facilitate filtering, which presents distinc-
tive advantages in the exploration of parametric nonlin-
ear optics with layered materials and their corresponding
heterostructures, as well as in the controlled generation
of terahertz radiation [268, 269]. Serving as a nonlinear
control laser, recent research has indicated that a fre-
quency comb can deliver ultrafast energy to enhance ter-
ahertz transparency in meta-cavities [270]. When utilized
as the pumping source for second-harmonic generation
(SHG), third-harmonic generation (THG), and sum-
frequency conversion, there have been demonstrations
of cascaded frequency comb conversions within the vis-
ible spectrum [43]. Specifically, Jung et al. showcased the
excitement of comb-like visible frequency lines by a Kerr
comb operating in a high-Q aluminum nitride microring
resonator, leading to sequential frequency conversions in
visible band (Fig. 14a). Moreover, this work illuminated
visible frequency comb generation accompanied by pro-
nounced Cherenkov-like radiation, achieving an on-chip
nonlinear conversion efficiency of 22% [271].

Building upon the dissipative Kerr soliton and cascaded
Brillouin stimulation, Zhang et al. reported the simul-
taneous generation and multiplexing of several comb
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families within a single over-modal microresonator [272].
By strategically choosing the primary comb frequency,
they achieved the emergence of up to five solitons in both
clockwise and counter-clockwise directions, which pro-
vided radio frequency carrier signals across a spectrum
exceeding 40 GHz, as depicted in Fig. 14b. Expanding
beyond Brillouin effects, a microcomb produced at the
communication band (1550 nm) has the capacity to gen-
erate a coinciding Stokes microcomb within the U-band
(1650 nm) (Fig. 14c) [105]. Furthermore, when paired
with difference frequency generation for the intensifi-
cation of near-infrared to mid-infrared (NIR-MIR) fre-
quencies, a microcomb serves as a proficient light source
(Fig. 14d) [273]; and for plasmon generation, two micro-
combs with significant wavelength separation could
potentially function as counter-propagating pumps [274].

5.3 Microcomb based optical computation
Optical computing systems are known for deliver-
ing high-speed, power-efficient hardware solutions for

information processing, outperforming their electronic
counterparts. These systems have emerged as a compel-
ling approach to address the fundamental bandwidth
limitations inherent in traditional electronic systems.
Over the last decade, significant interest has been gar-
nered in all-optical and optoelectronic signal processing
techniques [275]. Despite this interest, there was a pro-
longed anticipation for the development of multi-chan-
nel light sources with high repetition rates and superior
coherence. Presently, microcombs have risen to promi-
nence as an effective tool, offering multiple parallel signal
channels that enhance information processing capabili-
ties. This is evident in their applications, particularly in
advanced neuromorphic computing and programmable
logic operations [80, 276].

In 2021, large-scale parallel computing utilizing micro-
combs was introduced in the context of optical neural
networks (ONNs) [277]. The pivotal work of Feldmann
et al. showcased a photonic tensor core specifically
designed for computation. This core operates at the
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speed of trillions of multiply-accumulate operations per
second. Utilizing phase-change material memory arrays
and soliton microcombs on a photonic chip, it conducts
photonic in-memory computing in a parallelized man-
ner. The core features an operational bandwidth that sur-
passes 14 gigahertz and exhibits potential for integration
with CMOS-based wafer-scale technology (see Fig. 15a).
In a simultaneous study, Xu et al. demonstrated the
capability of a microcomb to transfer information for a
universal optical vector convolutional accelerator [278].
This system operates at speeds exceeding 10 TOPS and
can process image convolutions for images up to 250,000
pixels in size, which is substantial enough for tasks such
as image and video recognition (Fig. 15b). Progress-
ing to 2023, Bai et al. reported further advancements in
optical convolution by employing a time-wavelength
plane stretching method within a microcomb-driven
chip-based photonic processing unit [279]. This devel-
opment achieved unprecedented precision of 9 bits
and processing speeds over 1 TOPS per square millim-
eter, as depicted in Fig. 15c. Expanding upon these find-
ings, Chen et al. implemented a microcomb-enabled

integrated optical neural network (MIONN) architecture
[280]. This system is capable of processing large-sized
images with a throughput of 51.2 TOPS and energy effi-
ciency measured at 4.18 TOPS/W. Furthermore, it has
successfully been used for human emotion recognition
with a commendable accuracy of 78.5% (Fig. 15d).

These advanced computing methodologies utilizing
microcombs offer significant promise, transcending the
capabilities of electronic devices and heralding a new era
of photonic Al Beyond the previously noted applications
in Optical Neural Networks (ONNs), the ultra-stable,
low-jitter characteristics of microcombs are set to trans-
form existing digital technologies, significantly enhanc-
ing the effective resolution of bits [281]. Moreover,
microcombs can be employed for facilitating informa-
tion exchange in the context of electro-optical logic gates
[274], paving the way for diverse optical computing archi-
tectures, both analog and digital [282]. This is achievable
by customizing the comb lines in optical signal process-
ing (OSP), creating adaptable linear and nonlinear filters
suitable for tasks such as correlation, equalization, and
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Volterra filtering. Additionally, these systems facilitate
the design of dynamic bandwidth allocation schemes.

6 Discussion and outlook

The field of microcombs has reached a pivotal juncture
following substantive strides in device development and
system-prototype showcases. Firstly, numerous comb-
generation techniques have yielded noteworthy perfor-
mance benchmarks for devices, with several reaching
parity with larger-scale instruments, prompting the
exploration of initial system-level applications. Secondly,
considerable challenges persist that require resolution
to fulfill the potential advantages of microcombs and to
facilitate this technology’s migration into industrial and
commercial manufacturing domains. Lastly, there are
trade-offs among multi-dimensional parameters within
various informational applications, including power ver-
sus efficiency, speed versus spectral density, as well as
stability versus controllability.

One critical problem is the power. Amplification cur-
rently stands as a major limiting factor hindering further
integration of these systems. The erbium-doped fiber
amplifier (EDFA) is a prevalent solution, employed at
both the input and output stages of the system. However,
the use of EDFA increases energy consumption, intro-
duces amplified spontaneous emission noise, and is con-
fined to a limited amplification bandwidth [283]. On the
other hand, integrated semiconductor optical amplifiers
present an alternative, capable of boosting comb power
to levels on par with discrete on-chip lasers (in the mil-
liwatt range). Nonetheless, they are similarly restricted
by a narrow spectral bandwidth, typically under several
tens of nanometers [284]. Furthermore, both amplifica-
tion methods mentioned above do not enhance the opti-
cal signal-to-noise ratio. This is particularly considered
for broadband microcomb generation, such as f-2f or
2f-3f applications, where the required pump power and
nonlinear conversion efficiency are still insufficiently
high. In response to this issue, new developments have
emerged in recent years. For instance, the Vernier dual-
comb configuration [285], injection-locking, and Kerr-
induced synchronization [144, 286] have been utilized
for the self-referencing of Kerr combs. This technique
allows an external laser to capture a comb tooth with a
sub-milliwatt laser. When combined with an octave-
spanning comb, the synchronization enables amplifier-
less f,,, detection by using a state-of-the-art integrated
second-harmonic generation element [287]. Looking for-
ward, innovative solutions may lie in the combination of
active assistance with passive microresonators [288], in-
cavity or on-chip chirped pulse amplification [289], and
the implementation of miniaturized on-chip mode-lock-
ing techniques [290]. These approaches could potentially
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overcome the current limitations in microcomb system
amplification.

The complexity of microcomb setups presents
another significant challenge, demanding higher stand-
ards for reliability, manufacturing, and cost-efficiency
in comparison to conventional fiber mode-locked
lasers. For instance, generating a stable Kerr soliton
microcomb on-chip typically requires the use of a nar-
row linewidth external cavity laser as the pump, along
with an auxiliary laser for thermal shift management,
and a precise process to transition the pumping fre-
quency from blue-detuned to red-detuned regions in
a resonance [30]. The intricate phenomena involved in
comb formation often result in various comb states,
which can cause notable instability during operation
[84]. Commonly, there is a need for comprehensive
monitoring and control capabilities to manage comb
operation effectively. Fortunately, by utilizing turnkey
operations through self-injection mode-locking [86],
slingshot effects based on photonic crystals and mode
crossing [64, 288], as well as their combination [291],
one can effectively bypass the need for meticulous
monitoring. In the future, heterogeneous integration of
multiple devices [17, 292] or employing less integrated
yet still packable versions [70] will also be powerful
approaches.

Moreover, different applications necessitate specific
comb characteristics. For instance, in optical commu-
nication, a small repetition frequency is desired to ful-
fill high-density wave-multiplexing requirements and
low phase noise is critical for minimizing bit error rates
[168]. Conversely, applications like terahertz generation
and spectroscopy demand microcombs with a broad
span, large frequency intervals, and high power in each
comb line [18]. Other uses such as sensing, LiDAR, and
computation require seamless switching and precise
inter-mode controllability [59, 95]. As scenarios where
multiple applications converge are poised to become
more prevalent in the future, one key technical chal-
lenge lies in integrating microcombs with varying char-
acteristic parameters to meet diverse needs effectively,
which will be a complex yet valuable undertaking to
pursue.

Figure 16 illustrates the key parameters of various
microcomb types, while Table 1 catalogs the comb types
employed in different information technology applica-
tions. These combs originate from assorted platforms and
exploit diverse physical mechanisms. The information in
the table is taken from Sects. 3, 4, 5. While an all-encom-
passing solution for comb generation that excels across
all parameters would be ideal [7], practical advancements
in microcomb technology are primarily driven by specific
applications. Consequently, the integration of benefits
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Fig. 16 Different microcomb schemes with distinct parameters. a, Microcombs with varied optical spans and repetition rates. Examples are showed
in colored lines: (i) a Kerr soliton microcomb generated in a fiber F-P cavity [122], (ii) an octave-spanning microcomb in a Si;N, microresonator
[293], (iii) A resonant EO comb generated in LN ring [77], (iv) a mode locked laser comb pulsed by graphene heterostructure [60], (v) a chaos
assisted microcomb [63], (vi) a silicon-chip-based mid-infrared microcomb [213], (vii) a mid-infrared frequency comb from a ring quantum cascade
laser [294]. b, Microcombs with varied comb power and efficiency. Examples are showed in colored dots: (i) A typical bright soliton microcomb
generated in a high Q silica microcavity with FSR=22 GHz [26], (ii) a dark-pulse generated in a normal dispersion microresonator with FSR= 100 GHz
[109], (iii) a high efficiency EO microcomb with repetition 25 GHz [295], (iv) an ultra-efficient microcomb in an AlGaAs microresonator with FSR=1
THz [45], (v) a soliton microcomb with surpassing conversion efficiency, FSR=50 GHz [112], (vi) a photonic integrated high-power soliton
microcomb using on-chip erbium amplification [296]

Table 1 Applications using different microcombs

Application Comb type Key features Representative advances Refs.
Information carrier Microwave signal genera- Kerr soliton microcomb Wavelength C+L band 46 dB phase-noise reduc- [156]
tion on chip Repetition 16 ~227 GHz tion
Frequency synchronization  f-2f soliton microcomb foo 1073/5 External reference free [33]
on chip fiep 10715
Data transmission Coherence-cloned DKS 1550 nm 55Tbit/s [168]
microcomb Repetition 100 GHz BER: 3.8e—3
Quantum excitation Kerr soliton microcomb 40 GHz repetition >50 entangled photon [193]
and transition pairs
Information acquisition  Spectroscopy Supercontinuum dual Span covers T umto>4 um ppm sensitivity [215]
microcomb
LiDAR Kerr soliton microcomb Co-generation of dual Precision in nm level [218]
soliton in one single cavity ~ Speed in ms level
Imaging Kerr soliton dual microcomb  Large repetition difference  Frame 200 kHz [229]
fill rate 48 Mpixels/s
Biochemical sensing Raman soliton in WGM 1670 nm, multi-microcomb  Single molecule detection  [95]
microcavity mixing
Distributed fiber sensing EO microcomb 2.5 GHz repetition (EO) cm spatial resolution [240]
On chip dual comb 100 GHz repetition (soliton) 560 fe/Hz'"/2 sensitivity
Information processing Radio frequency processing  On chip microcomb Programmable pulse > 10 signal processing [255]
shaping functions
Nonlinear conversion Microcomb in AIN microring  NIR to Visible mode nW level power [43]
to mode matching >20% efficiency
Computation Soliton microcomb 49 GHz spacing,>90 comb 11 TOPs in CNN [278]

in nitride microring

lines
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and the mitigation of weaknesses from different combs
represent a significant research direction.

Over the last decade, microcomb technology has sur-
mounted numerous scientific and technical challenges,
establishing itself as a reliable resource for a multitude
of valuable photonics and optoelectronics applica-
tions in a scalable way. Given the swift progress already
made, it is expected that the coming decade will wit-
ness the deployment of microcombs in extensive pho-
tonic integrated circuits and nascent technologies.
These advancements promise to benefit sectors such as
data transmission, sensing, timekeeping, and informa-
tion processing in the next generation.
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