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Optical Frequency Combs

Telle, et al. Keller, APB (1999); Diddams et al., Phys. Rev. Lett. (2000).
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• Direct link between optical and microwave frequencies.
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Why an Octave-Spanning Comb?

• Control of the position in the comb frequencies can be achieved.
• Link between microwave & optical frequencies.
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Udem et al. (1999); Telle et al. (1999).
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Applications of Frequency-Comb Technology

• Chemical/biological sensing
• Optical communications & interconnects
• Optical clockwork
• Astronomical spectral calibration
• Microwave generation
• Navigation (GPS) and distance ranging
• Tests of fundamental laws and constants (R, Lamb shift, fine-

structure constant)
• Very-long baseline interferometry
• Arbitrary-waveform generation



Comb Generation with Ultralow Powers 
and in Highly Miniaturized Devices

Menlo Systems

• Handheld devices
• WDM sources
• Satellite
• …

centimeter size, < 1 W



Applications of Frequency-Comb Technology

• Chemical/biological sensing
• Optical communications & interconnects
• Optical clockwork
• Astronomical spectral calibration
• Microwave generation
• Navigation (GPS) and distance ranging
• Tests of fundamental laws and constants (R, Lamb shift, fine-

structure constant)
• Very-long baseline interferometry
• Arbitrary-waveform generation



Dual-Comb Spectroscopy

SampleComb 1

Comb 2

No moving parts à Fast acquisition speed

Minimum acquisition time = 
!
∆#

Requires only single detector.
Suh, et al. Vahala, Science (2016).
Dutt, et al. Gaeta & Lipson, Science Adv. (2018).
Yu, et al., Lipson & Gaeta, Nature Comm. (2018).

Reviews: Newbury, et al., Optica (2016)
Picque and Hansch, et al. Nature Phot. (2019) 



Fast Mid-IR Measurement of Acetone

• Measurement of acetone absorption near 2925 nm in 1 µs

Real-time on-chip dual-comb spectrometer for liquid/condensed matter 
phase studies 

Yu,  et al. Lipson & Gaeta
Nature  Comm. (2018)



Applications of Frequency-Comb Technology

• Chemical/biological sensing
• Optical communications & interconnects
• Optical clockwork
• Astronomical spectral calibration
• Microwave generation
• Navigation (GPS) and distance ranging
• Tests of fundamental laws and constants (R, Lamb shift, fine-

structure constant)
• Very-long baseline interferometry
• Arbitrary-waveform generation



WDM Source for Data Communications
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Multiple Lasers

100 Tb/s => 10,000 lasers (10-GHz spacing)

Bergman Lightwave Research Laboratory, Columbia



Chip-Scale Multiple Wavelength Source

Levy, et al., Gaeta & Lipson Nature Photon. (2010).
Levy, et al., Gaeta & Lipson, PTL (2012).

Pfeifle, et al., Nature Photon. (2014).
Marin-Palombo, et al., Nature (2017)

Fülöp, et al., Opt. Express (2017).
Fülöp, et al., Nature Comm. (2018).

Advantages:
i) Cost
ii) Energy efficiency
iii) Scalability and flexibility
iv) Ease of integration

Single
laser

wavelength
channels

photonic
chip

CW Laser

FPGA

Comb Output
Coupled Rings Filter Ring

CH0 CH1 CH2
Input

Single Comb Line

Optical
Frequency Comb



Applications of Frequency-Comb Technology

• Optical communications & interconnects
• Chemical/biological sensing
• Optical clockwork and frequency synthesis
• Astronomical spectral calibration
• Microwave generation
• Navigation (GPS) and distance ranging
• Tests of fundamental laws and constants (R, Lamb shift, fine-

structure constant)
• Very-long baseline interferometry
• Arbitrary-waveform generation



Dual Microcomb Optical Synthesizer

UCSB / NIST / Caltech /EPFL / UVa / Aurrion

Spencer, et al., Nature (2018)

LETTER RESEARCH

Next, fceo,THz locking is achieved by using the octave-spanning rela-
tionship of the THz lines at 1,998 nm and dispersive wave peak at 
999 nm (Fig. 2c). To aid f–2f self-referencing (which enables determi-
nation of the absolute frequency of each comb line), an independent 
diode laser and thulium-doped fibre amplifier at 1,998 nm supply 9 mW 
to a waveguide periodically poled lithium niobate (PPLN) device to 

achieve 34 dB signal-to-noise ratio (SNR) on fceo,THz. Similar monolithic 
second-harmonic generation and amplifier technologies have been 
demonstrated and could be integrated with our system (see Methods). 
After detecting two heterodyne beats with the THz comb, f999 and f1998, 
each beat note is digitally divided by 64 and 32, respectively, and fre-
quency mixing yields an fceo,THz signal, fceo,THz/64 = f999/64 – f1998/32. 
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Fig. 2 | Optical spectra of the integrated devices. a, Schematic diagram of 
spectral combination with the integrated devices, and the frequency chain 
used to multiply the 10-MHz clock to the optical domain. b, Combined 
spectrum of the SiO2 22-GHz wedge microcomb and the heterogeneously 

integrated III–V/Si tunable laser in the telecommunication C-band. 
c, Combined spectrum of the octave-spanning Si3N4 THz microcomb and 
the 22-GHz SiO2 wedge microcomb, as measured on two optical spectrum 
analysers.
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Fig. 3 | Stable optical synthesis with out-of-loop verification. a, Tunable 
laser locking, and frequency counting with the auxiliary comb. HNLF, 
highly nonlinear fibre. b, Measured overlapping Allan deviation (ADEV) 
and modified Allan deviation (MDEV) of the frequency synthesizer. 
In comparing 10-ms counter-gate time acquisitions, the 1/τ slope is 
consistent with a stable, phase-locked synthesizer, and the histograms 
of 500 s of data (inset for relative mode m = −28 only) show a Gaussian 

profile. Error bars indicating 95% confidence intervals are derived using 
flicker noise estimates (see Methods). c, Table of nominal frequencies 
and uncertainty at 200 s as the synthesizer is stepped across the C-band. 
d, Overview of the accuracy and precision of the synthesizer frequency. 
The ADEV at 100 s is used to estimate the uncertainty of each synthesizer 
output, and the weighted mean of the seven data points is reported with a 
95% (t distribution) confidence interval.
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Chip-Based Comb Generation:
Cavity Solitons
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Nonlinear Optics in 
Chip-Based Nanowaveguides

• Nonlinearity of Silicon 100X (Si3N4: 10X) silica
• Losses: Silicon – 1 dB/cm (Si3N4 – 0.01 dB/cm)

• Light confined to a region <  than a wavelength.

Si

SiO2

IBM

n ~ 1.5

n ~ 3.5
(SiN: n ~ 2.1)

Absorption edge: Silicon => ~ 1.1 µm       Si3N4 =>  ~ 400 nm



Nonlinear Optics in 
Silicon-Based Nanowaveguides

• Nonlinearity of Silicon 100X (Si3N4: 10X) silica
• Losses: Silicon ~ 1 dB/cm (Si3N4 – 0.01 dB/cm)

• Light confined to a region <  than a wavelength.
• Dispersion can be engineered.

Si

SiO2

IBM

n ~ 1.5

n ~ 3.5
(SiN: n ~ 2.1)

Absorption edge: Silicon => ~ 1.1 µm       Si3N4 =>  ~ 400 nm



Tailoring of GVD in Chip-Based Waveguides

SiO2

Foster, Turner, Sharping, Schmidt, Lipson, and Gaeta, Nature 441, 960 (2006).
Turner, et al. Gaeta, and Lipson, Opt. Express 14, 4357 (2006).
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propagation dynamics that produces such broadening is complex 
and depends on numerous factors, the key aspect is that disper-
sion engineering allows for the pulses to undergo significant  
self-phase modulation before undergoing dispersive broadening 
and enhancing various FWM processes and DW generation. The 
spatiotemporal nonlinear dynamics for the amplitude A(z, t) of 
the field inside the waveguide is well modelled by the 1D non-
linear envelope equation16
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where z is the propagation distance inside the waveguide, τ = t – z/vg  
is the retarded time for the pulse travelling at the group velocity vg,  
γ = ω0n2/Aeffc is the nonlinear parameter, n2 is the nonlinear index 
coefficient, Aeff is the effective area of the waveguide and R(τ) is 
the Raman response function. This equation enables modelling 
of the supercontinuum process for spectral bandwidths up to an 
octave. Extensive modelling of SCG in photonic crystal fibres has 
led to a relatively complete understanding of the resulting features 
and shapes of the resulting spectra and the coherence properties4.  
The resulting spectra depend sensitively on the characteristics of the 

input pulse, the dispersive, electronic and nuclear contributions to 
the nonlinear refractive index, and effects such as self-phase modu-
lation, self-steepening, soliton compression and fission, DW gener-
ation and stimulated Raman scattering typically all occur, and their 
interplay results in complex dynamics that can be well described by 
the nonlinear envelope equation4,17.

A key property of the generated comb for many applications  
is the optical coherence across the generated spectrum. The  
coherence can be quantified by calculating the first-order degree  
of coherence
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where the angle brackets denote an ensemble average for inde-
pendently generated pairs (i ≠ j) of spectra Ai(ω) (ref. 4). The 
function varies between 0 and 1 for fully incoherent and coherent  
spectra, respectively. High coherence is essential, for example, 
to stabilize the comb through f–2f interferometry1 in which the 
frequency-doubled red components of the spectrum interfere 
with the blue part of the spectrum separated by an octave or to 
perform dual-comb spectroscopy (DCS) that requires heterodyn-
ing of two separately generated frequency combs18. Most of the 
early experiments investigating spectral broadening and SCG 
in chip-based waveguides focused on generating broad spectra 
without determining the resulting coherence. Typically, to pro-
duce coherent spectra it is necessary to operate in the regime in 
which coherence of the initial mode-locked ultrashort pulse train 
is preserved and self-phase modulation is the dominant mecha-
nism that produces the initial broadening rather than through 
the growth of spectral components from noise via parametric 
FWM gain (that is, modulational instability)4. As such, it has been 
desirable to operate with pulses that are relatively short (that is,  
<100 fs) with soliton numbers N < 10 or in the slightly normal-
GVD regime, the latter of which requires higher pulse energies 
than in the anomalous-GVD regime. Dispersive wave generation, 
which can be fully coherent, can be tuned via dispersion engi-
neering and can be applied to enhance either the long- or short-
wavelength side (Fig. 3), and is essential, for example, for f–2f 
interferometry to stabilize the comb.

Material platforms for SCG. Silicon. Initial experiments19 in Si (that 
is, crystalline) waveguides observed frequency broadening of ultra-
short pulses at 1.3 μm. By using ultrashort pulses at wavelengths 
beyond 2.1 μm to minimize two-photon and free-carrier absorption 
effects20, broader spectra and DW generation could be achieved21, 
including octave-spanning spectra22. A key demonstration23 showed 
that by pumping an air-clad Si nanowaveguide with 2,290-nm 
pulses with only 16 pJ of energy, a coherent octave-spanning super-
continuum spectra could be generated that produced coherent beat 
notes in an f–2f interferometer. More recently, experiments have 
focused on extending SCG further into the mid-infrared. For exam-
ple, using silicon-on-sapphire waveguides, SCG from 1.9–6 μm  
was observed using 3.7-μm pumping24 and spectra from 2–5 μm 
were achieved in an air-clad geometry25. Hydrogenated amorphous 
Si (a-Si-H) is a particularly attractive nonlinear material for nonlin-
ear photonics due to its large nonlinear refractive index and ease of 
fabrication for photonic devices, although at the expense of higher 
linear and nonlinear losses. Early experiments in a-Si-H waveguides 
observed large spectral broadening of an octave26,27, and ensuing 
experiments pumping at 1,550 nm (ref. 28) showed good coherence29 
for 180-fs input pulses, and also observed degradation in the per-
formance in terms of loss and nonlinearity as higher powers were 
injected into the waveguide for picosecond pulses but not for fem-
tosecond pulses28.
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Fig. 2 | Dispersion engineering for comb generation. a, Effective index 
for bulk Si3N4 (dashed line) and that predicted for a 730 × 2,580 nm 
Si3N4 waveguide with oxide cladding (solid green). The images show the 
theoretically predicted intensity distributions for the fundamental mode  
at different wavelengths. b, Corresponding GVD of bulk Si3N4 (dashed red) 
and waveguide (solid red) and dispersion function D (solid blue).  
c,d, Spectra produced via SCG in the 5-cm-long waveguide (c) and via  
KCG in a microresonator (d), both with waveguide cross-sections as  
in a. The vertical grey lines show zeros of D that are in close agreement 
with the DWs generated in both spectra.
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Dispersive Wave (DW) Formation

Dudley, et al. Rev. Mod. Phys. (2006).

• Phase matched process that relies on higher-order dispersion
Dudley et al., Rev. Mod. Phys. (2006); Efimov, et al., PRL (2005).

• Position of DW’s given by dispersion operator

Energy transfer from soliton (anomalous GVD) 
to narrowband resonance (normal GVD)
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Dispersive Wave Generation in
Chip-Based CombsREVIEW ARTICLE | FOCUS NATURE PHOTONICS

propagation dynamics that produces such broadening is complex 
and depends on numerous factors, the key aspect is that disper-
sion engineering allows for the pulses to undergo significant  
self-phase modulation before undergoing dispersive broadening 
and enhancing various FWM processes and DW generation. The 
spatiotemporal nonlinear dynamics for the amplitude A(z, t) of 
the field inside the waveguide is well modelled by the 1D non-
linear envelope equation16
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where z is the propagation distance inside the waveguide, τ = t – z/vg  
is the retarded time for the pulse travelling at the group velocity vg,  
γ = ω0n2/Aeffc is the nonlinear parameter, n2 is the nonlinear index 
coefficient, Aeff is the effective area of the waveguide and R(τ) is 
the Raman response function. This equation enables modelling 
of the supercontinuum process for spectral bandwidths up to an 
octave. Extensive modelling of SCG in photonic crystal fibres has 
led to a relatively complete understanding of the resulting features 
and shapes of the resulting spectra and the coherence properties4.  
The resulting spectra depend sensitively on the characteristics of the 

input pulse, the dispersive, electronic and nuclear contributions to 
the nonlinear refractive index, and effects such as self-phase modu-
lation, self-steepening, soliton compression and fission, DW gener-
ation and stimulated Raman scattering typically all occur, and their 
interplay results in complex dynamics that can be well described by 
the nonlinear envelope equation4,17.

A key property of the generated comb for many applications  
is the optical coherence across the generated spectrum. The  
coherence can be quantified by calculating the first-order degree  
of coherence
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where the angle brackets denote an ensemble average for inde-
pendently generated pairs (i ≠ j) of spectra Ai(ω) (ref. 4). The 
function varies between 0 and 1 for fully incoherent and coherent  
spectra, respectively. High coherence is essential, for example, 
to stabilize the comb through f–2f interferometry1 in which the 
frequency-doubled red components of the spectrum interfere 
with the blue part of the spectrum separated by an octave or to 
perform dual-comb spectroscopy (DCS) that requires heterodyn-
ing of two separately generated frequency combs18. Most of the 
early experiments investigating spectral broadening and SCG 
in chip-based waveguides focused on generating broad spectra 
without determining the resulting coherence. Typically, to pro-
duce coherent spectra it is necessary to operate in the regime in 
which coherence of the initial mode-locked ultrashort pulse train 
is preserved and self-phase modulation is the dominant mecha-
nism that produces the initial broadening rather than through 
the growth of spectral components from noise via parametric 
FWM gain (that is, modulational instability)4. As such, it has been 
desirable to operate with pulses that are relatively short (that is,  
<100 fs) with soliton numbers N < 10 or in the slightly normal-
GVD regime, the latter of which requires higher pulse energies 
than in the anomalous-GVD regime. Dispersive wave generation, 
which can be fully coherent, can be tuned via dispersion engi-
neering and can be applied to enhance either the long- or short-
wavelength side (Fig. 3), and is essential, for example, for f–2f 
interferometry to stabilize the comb.

Material platforms for SCG. Silicon. Initial experiments19 in Si (that 
is, crystalline) waveguides observed frequency broadening of ultra-
short pulses at 1.3 μm. By using ultrashort pulses at wavelengths 
beyond 2.1 μm to minimize two-photon and free-carrier absorption 
effects20, broader spectra and DW generation could be achieved21, 
including octave-spanning spectra22. A key demonstration23 showed 
that by pumping an air-clad Si nanowaveguide with 2,290-nm 
pulses with only 16 pJ of energy, a coherent octave-spanning super-
continuum spectra could be generated that produced coherent beat 
notes in an f–2f interferometer. More recently, experiments have 
focused on extending SCG further into the mid-infrared. For exam-
ple, using silicon-on-sapphire waveguides, SCG from 1.9–6 μm  
was observed using 3.7-μm pumping24 and spectra from 2–5 μm 
were achieved in an air-clad geometry25. Hydrogenated amorphous 
Si (a-Si-H) is a particularly attractive nonlinear material for nonlin-
ear photonics due to its large nonlinear refractive index and ease of 
fabrication for photonic devices, although at the expense of higher 
linear and nonlinear losses. Early experiments in a-Si-H waveguides 
observed large spectral broadening of an octave26,27, and ensuing 
experiments pumping at 1,550 nm (ref. 28) showed good coherence29 
for 180-fs input pulses, and also observed degradation in the per-
formance in terms of loss and nonlinearity as higher powers were 
injected into the waveguide for picosecond pulses but not for fem-
tosecond pulses28.
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Fig. 2 | Dispersion engineering for comb generation. a, Effective index 
for bulk Si3N4 (dashed line) and that predicted for a 730 × 2,580 nm 
Si3N4 waveguide with oxide cladding (solid green). The images show the 
theoretically predicted intensity distributions for the fundamental mode  
at different wavelengths. b, Corresponding GVD of bulk Si3N4 (dashed red) 
and waveguide (solid red) and dispersion function D (solid blue).  
c,d, Spectra produced via SCG in the 5-cm-long waveguide (c) and via  
KCG in a microresonator (d), both with waveguide cross-sections as  
in a. The vertical grey lines show zeros of D that are in close agreement 
with the DWs generated in both spectra.
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Outline: Chip-Based Comb Generation
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the high-index core at short wavelengths to primarily residing in 
the low-index oxide at longer wavelengths; this can yield an effec-
tive GVD that offers little resemblance to the intrinsic GVD of the 
bulk material11.

In addition to phase matching the parametric FWM gain pro-
cess, this dispersion engineering enables expansion of the comb 
bandwidth through the controllable generation of dispersive waves 
(DWs), also known as Cerenkov radiation15. Dispersive waves are a 
result of a phase-matched process in the presence of dispersion that 
is of a higher order than the GVD that can result in the transfer of 
energy from the region near the pump wave to spectral components 
that can be as far as an octave away. The frequencies at which DWs 
are generated are determined by the dispersion function

∑δ
β

δ=
− …

D
n

( )
! (1)

n

n n

2,3,

where δ is the frequency detuning from the frequency ω0 of the 
pump wave and β ω= ∂ ∕∂ ∣ ω ω=kn

n n
0
 is the nth-order dispersion 

parameter, and k(ω) = n(ω)ω/c and n(ω) are the propagation con-
stant and effective refractive index, respectively, for the waveguide 
mode and include dispersion contributions that are both intrinsic to 
the material and from waveguide confinement. Since the nonlinear 
contribution to the index change is typically small, the location of 
the peaks of the DWs are nearly given by frequencies corresponding 
to the zeros of the dispersion function D(δ), which in the absence 
of dispersion higher than third-order dispersion consists of a sin-
gle DW located at the frequency δDW ~ 3|β2|/ β3 from the pump. 
Example spectra produced via SCG (Fig. 2c) and KCG (Fig. 2d) 
with the Si3N4 waveguide cross-section in Fig. 2a,b both show sig-
natures of DWs located at the corresponding zeros of D in Fig. 2b.

Comb generation based on supercontinuum generation
The demonstration2 that pulses from a mode-locked oscillator 
could be spectrally broadened to beyond an octave of bandwidth 
using photonic crystal fibre represented a revolution in OFCs and 
led to the realization of self-referenced combs in which the fre-
quency of the comb components could be determined to extremely 
high precision (<10–15) (ref. 1). While the resulting nonlinear pulse 

Mode-locked
laser CW

laser

Fig. 1 | Chip-based frequency comb generation. Left: SCG via injection of a train of ultrashort pulses into a waveguide with a cross-section dispersion 
engineered to produce a broad optical frequency comb with a spacing determined by the inverse of the pulse repetition rate. Right: KCG via pumping 
with a single-frequency laser of a microresonator that is dispersion engineered to produce a broad spectrum with a comb spacing given by the FSR of the 
microresonator. CW, continuous wave.

Table 1 | Linear and nonlinear optical properties of various materials suitable for chip-based nonlinear photonics

Material Refractive index Nonlinear index (m2 W–1) Transparency (µm) KCG observed SCG observed χ(2)

Silica 1.45 3 × 10–20 0.2–4 Y Y N
Si 3.47 5 × 10–18 1.2–8 Y Y N
α-Si-H 3.73 1.7 × 10–17 0.78–4 N Y N
Si3N4 2.0 2.5 × 10–19 0.4–4.6 Y Y Nc

Hydex 1.7 1.15 × 10–19 0.29–7 Y Y N
AlN 2.12 2.3 × 10–19 0.2–13.6 Y Y Y
GaN 2.31 7.8 × 10–19 0.36–13.6 N N Y
GaP 3.05 6 × 10–18 0.54–10.5 Y N Y
Diamond 2.38 8 × 10–20 0.22–>50 Y Y N
AlGaAs 3.3 2.6 × 10–17 0.7–17 Y Y Y
SiGea 3.59 2.7 × 10–18 1.2–9.3 N Y N
Geb 4.33 4.4 × 10–17 1.8–15 N N N
LiNbO3 2.21 1.8 × 10–19 0.35–5 Y Y Y
As2S3 2.43 3.8 × 10–18 0.6–11 N Y N

As2Se3 2.81 2.4 × 10–17 1–14 N Y N

Columns 5 and 6 correspond to whether KCG and SCG, respectively, have been observed. Column 7 indicates whether the material possesses a second-order optical nonlinearity. Y, yes; N, no. All parameters 
are values at 1.55 µm except for aat 4 µm and bat 3.2 µm. cAlthough bulk silicon nitride does not have an intrinsic χ(2), an effective χ(2) response can be induced via stress or the photogalvanic effect.
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Review Article: Gaeta, Lipson, and Kippenberg, Nature Phot. (2019)



SCG in Integrated Photonic Waveguides

Silicon
Hsieh, et al., Opt. Exp. (2007).
Lau, et al., Opt. Lett. (2014).
F. Leo, et al., Opt. Lett. (2015).
Kuyken, et al., Opt. Exp. (2015).

Hydex glass
Duchesne, et al., Opt. Exp. (2010).

Chalcogenide
Lamont, et al., Opt. Exp. (2008).
Lee, et al., Opt. Lett. (2014).

Silicon nitride
Halir, et al., Opt. Lett. (2012).
Chavez Boggio, et al., JOSA B (2014).
Wang, et al., LPR (2015).
Liu, et al., Opt. Lett. (2016).
Carlson, et al., Opt. Lett. (2017).
Porcel, et al., Opt. Exp. (2017).
Guo, et al., Nature Photon. (2018).

Amorphous silicon
Dave, et al., Opt. Express (2013).
Safioui, et al., Opt. Express (2014).
Leo, et al., Opt. Express (2014).

Aluminum nitride
Hickstein, et al., P.R. Appl. (2017).

Silica
Oh, et al., Opt. Lett. (2014).

Lithium niobate
Yu, et al., Opt. Lett. (2019).
Lu, et al., Opt. Lett. (2019).
Jankowski, et al., Optica (2020).

Silicon germanium
Sinobad, et al., Optica (2018).

Aluminum gallium arsenide
Kuyken, et al., Opt. Lett. (2020).

Diamond
Shams-Ansari, et al., Opt. Lett. (2019).

800 nm



Si3N4 - Flexibility in Operation Wavelength

• 5-cm Si3N4 waveguide, 730×1500 nm cross section

• 1560 nm pump, 100-fs pulse duration, 10 mW coupled power (80 MHZ)

• > 2 octave spanning comb

• Wide transparency (400 – 4600 nm) visible to mid-IR

input pump



Coherence Characterization of 
Supercontinuum Spectrum (Experiment)

• Collaboration with Keller Group (ETH Zürich)

• Pump with 100-fs, 1-GHz repetition rate, 1055 nm 
[A. Klenner et al., Opt. Express (2014).] 

• 7.5 mm Si3N4 waveguide, 690×900 nm 

multimode 
pump diode

Yb:CALGO

SESAM
output 
coupler

1-GHz cavity

-60
-50
-40
-30

1600140012001000800600
Wavelength [nm]

Po
we

r [
dB

]

Johnson, et al. Keller, Lipson, & Gaeta, Opt. Lett. (2015);

24 pJ



Coherence of SCG

€ 

V (λ) =
Imax (λ) − Imin (λ)
Imax (λ) + Imin (λ)

€ 

g12
(1)(λ) =

V (λ) I1(λ) + I2(λ)[ ]
2

1/ 2
I1(λ)I2(λ)[ ]

• Measure fringes in asymmetric Michelson interferometer 
[F. Lu et al., Opt. Express (2004).]

• Extract visibility and coherence
[J W. Nicholson et al., Opt. Express (2004); X. Gu et al., Opt. Express (2003)] 

Johnson, et al., Lipson & Gaeta, Opt. Lett. (2015).



Comb-Offset Detection and Stabilization
Using SCG in Si3N4

Mayer, et al., Lipson, Gaeta, Keller, Opt. Express (2015).
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• Carrier envelop offset frequency 
(fceo) beatnote from f-to-2f 
interferometry

• Coupled pulse energy = 36 pJ
Peak power = 0.34 kW

• fceo signal-to-noise ratio 40 dB
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Simultaneous SHG and SCG with Si3N4

wavelength [27,31–34]. Figure 1 shows the effective index
for the first 4 TE modes at the fundamental and second-
harmonic wavelengths in a Si3 N4 waveguide with a cross
section of 725 × 1400 nm. The black curve corresponds to
the fundamental TE mode for the fundamental wavelengths,
and the red curves correspond to the first four TE modes at the
second-harmonic wavelengths. The plot indicates that the
effective indices of the fundamental TE mode and fourth-order
TE mode matches at a second-harmonic wavelength near
770 nm.

Next, to determine the conditions for which the SC spec-
trum can spectrally overlap with the second-harmonic signal,
we model the pulse propagation dynamics by solving the non-
linear envelope equation using the split-step Fourier method
[35] which includes the effects of third-order nonlinearity,
higher-order dispersion, and self-steepening. We assume
200 fs input pulses centered at 1510 nm with 62 pJ of
pulse energy. The waveguide is a 2 cm long oxide-clad Si3 N4
waveguide with a cross section of 725 × 1400 nm. We take
advantage of DW formation to extend the SC bandwidth
toward the lower wavelengths. The spectral position where
the DWs form can be accurately predicted using the dispersion
function D [3,19]:

D !
X

n!2, 3 ,…

βn"ω0#
n!

"ω − ω0#n, (1)

where βn corresponds to the nth-order dispersion coefficient,
and ω0 is the pump frequency. DW formation occurs when
the dispersion function is near zero. Figure 2(a) shows the
dispersion function for a pump at 1510 nm and predicts a
DW near 600 nm. The simulated SC spectrum is shown in
Fig. 2(b) and is characterized by a DW centered at 640 nm.

Furthermore, our spectrum shows good spectral overlap with
the second-harmonic component. We characterize the spectral
coherence by calculating the first-order mutual coherence g12
[12,36,37]. Our calculations indicate that the SC spectrum
exhibits near unity coherence over the entire bandwidth.

In our experiment, we pump a 2 cm long oxide-clad Si3 N4

waveguide using 200 fs pulses from a femtosecond optical para-
metric oscillator (OPO) centered at 1510 nm with a repetition
rate of 80 MHz. We estimate a coupling loss of 7 dB and a
propagation loss of 0.6 dB/cm. First, we investigate the
SHG bandwidth in our waveguide. The output of the wave-
guide is collected using a lensed fiber and sent to an optical
spectrum analyzer. We verify that there are no additional
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Fig. 1. Simulated effective refractive indices of the TE modes for
the fundamental and second harmonic in a Si3 N4 waveguide with
a cross section of 725 × 1400 nm and a 9° sidewall angle. The black
curve corresponds to the effective index of the TE0 mode at the
fundamental wavelengths. The red curves correspond to the effective
index of the lowest to the fourth-order modes at the second-harmonic
wavelengths. The solid red curve corresponds to the fourth-order TE
mode, TE3 . Inset: mode profile of fundamental mode (top) and
fourth-order mode (bottom) at the crossing point.
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Fig. 2. Dispersion and SCG simulation in a 2 cm Si3 N4 waveguide
with a cross section of 725 × 1400 nm. (a) Dispersion function D pre-
dicts the position of the DW for a 1510 nm pump. (b) Simulated
spectrum with 200 fs pules and 62 pJ pulse energy in the waveguide.
(c) Calculated first-order mutual coherence.
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Fig. 3. Experimental spectra showing SHG for pump wavelengths
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with dashed red and black lines, respectively. The discontinuity in
the spectrum at 1 μm corresponds to a difference in noise floor
due to a detector switching within the optical spectrum analyzer.
The pulse energies in the waveguide are indicated on the plot.
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λP/2. Since only the SH wavelength is detected, we conclude we are not generating broadband 
photoluminescence which has been previously described in silicon nitride [19, 20]. To 
measure the power of the SH, both the IR pump and the visible signal are collected into an 
optical spectrum analyzer (OSA). The powers measured by the OSA are corrected to the 
absolute power values coming out of the waveguide, taking into consideration the coupling 
efficiencies from the waveguide to the fiber and to the OSA for both pump and SH 
wavelengths, respectively. The OSA confirms the wavelength measurement for both the pump 
and SH. We observe a maximum conversion efficiency of �35 dB with 100 µW of SH 
generated for a pump of 315 mW. At increased pump powers, the ring’s resonance 
experiences a thermal shift which prevents efficient coupling from the waveguide to the 
resonator. 

 
Fig. 2. The visible and spectral output from the generated SH light. (a). Top view visible CCD 
camera image of the microresonator generating red light. IR light, invisible to this camera, is 
launched from the left and couples into the ring. The power builds-up in the ring generating SH 
which couples back into the waveguide propagating out to the right. (b) The output from the 
waveguide, pumped at 1554.2 nm, is collected into an optical spectrometer. The visible emitted 
light occurs only at the expected SH wavelength 

3.2 Modal profile image 

The captured mode image of the waveguide output (Fig. 3) corresponds well to the simulated 
mode profile for the 6th order SH mode which optimizes the phase-matching condition. Since 
the ring and bus waveguide cross-sections are identical, we expect the same-order mode 
generated in the ring resonator to couple to the waveguide. To effectively image the mode, we 
polish away the nanotapers [21], used to increase coupling efficiency, at the output of the 
waveguide. We collect the output light with a high NA objective to focus the image on a CCD 
camera. There are three distinct lobes in the mode showing a good match with the simulated 
mode. 

Levy, et al. Gaeta & Lipson, Opt. Express (2011).

fCEO



fCEO Detection via Simultaneous
SCG and SHG

Okawachi, et al., Lipson & Gaeta, Opt. Lett. (2018).

• Si3N4 can exhibit 𝜒(2) response due to symmetry breaking at waveguide 
interface, high film stress, or electromigration

• 2-cm-long Si3N4
waveguide

• 200-fs pulse

Lettieri, et al. (2002); Levy, et al. (2011); Khurgin, et al. (2015); Billat et al. (2017).



fCEO Detection via Simultaneous
SCG and SHG

• Measured fCEO beatnote with 27 dB signal-to-noise ratio.

• Carrier envelope offset frequency detection in a single device!

Okawachi, et al., Lipson & Gaeta, Opt. Lett. (2018).



Lithium Niobate (LN) for SCG and SHG 

• Modelocked 90-fs pulses at 1560 nm

• 5-mm-long LN waveguide

• TE mode to access largest 𝜒(2) nonlinear tensor 
component

DW

Devices fabricated 
by Loncar Group



On-Chip f-2f Interferometry 
for fCEO Stabilization

• Octave-spanning spectrum (700 – 2200 nm) with 107 pJ pulse energy

• Direct detection of fCEO with silicon avalanche photodiode 
(400 – 1000 nm wavelength range)



On-Chip f-2f Interferometry 
for fCEO Stabilization

• fCEO phase locked to rubidium frequency standard

• Feedback loop with phase detector and PID controller



On-Chip f-2f Interferometry 
for fCEO Stabilization

• fCEO has 3-dB bandwidth of 1 Hz (resolution limited) 



On-Chip f-2f Interferometry 
for fCEO Stabilization

• fCEO has 3-dB bandwidth of 1 Hz (resolution limited) 

• >100 dB/Hz reduction of phase noise at 10 Hz

Okawachi, et al. Optica (2020).



On-Chip f-2f Interferometry 
for fCEO Stabilization

• fCEO has 3-dB bandwidth of 1 Hz (resolution limited) 

• >100 dB/Hz reduction of phase noise at 10 Hz

• Out-of-loop fCEO measurement using conventional  f-2f interferometer
Okawachi, et al. Optica (2020).



Future: Fully integrated Devices

All-Optical Clock



Outline: Chip-Based Comb Generation

FOCUS | REVIEW ARTICLENATURE PHOTONICS

the high-index core at short wavelengths to primarily residing in 
the low-index oxide at longer wavelengths; this can yield an effec-
tive GVD that offers little resemblance to the intrinsic GVD of the 
bulk material11.

In addition to phase matching the parametric FWM gain pro-
cess, this dispersion engineering enables expansion of the comb 
bandwidth through the controllable generation of dispersive waves 
(DWs), also known as Cerenkov radiation15. Dispersive waves are a 
result of a phase-matched process in the presence of dispersion that 
is of a higher order than the GVD that can result in the transfer of 
energy from the region near the pump wave to spectral components 
that can be as far as an octave away. The frequencies at which DWs 
are generated are determined by the dispersion function

∑δ
β

δ=
− …

D
n

( )
! (1)

n

n n

2,3,

where δ is the frequency detuning from the frequency ω0 of the 
pump wave and β ω= ∂ ∕∂ ∣ ω ω=kn

n n
0
 is the nth-order dispersion 

parameter, and k(ω) = n(ω)ω/c and n(ω) are the propagation con-
stant and effective refractive index, respectively, for the waveguide 
mode and include dispersion contributions that are both intrinsic to 
the material and from waveguide confinement. Since the nonlinear 
contribution to the index change is typically small, the location of 
the peaks of the DWs are nearly given by frequencies corresponding 
to the zeros of the dispersion function D(δ), which in the absence 
of dispersion higher than third-order dispersion consists of a sin-
gle DW located at the frequency δDW ~ 3|β2|/ β3 from the pump. 
Example spectra produced via SCG (Fig. 2c) and KCG (Fig. 2d) 
with the Si3N4 waveguide cross-section in Fig. 2a,b both show sig-
natures of DWs located at the corresponding zeros of D in Fig. 2b.

Comb generation based on supercontinuum generation
The demonstration2 that pulses from a mode-locked oscillator 
could be spectrally broadened to beyond an octave of bandwidth 
using photonic crystal fibre represented a revolution in OFCs and 
led to the realization of self-referenced combs in which the fre-
quency of the comb components could be determined to extremely 
high precision (<10–15) (ref. 1). While the resulting nonlinear pulse 

Mode-locked
laser CW

laser

Fig. 1 | Chip-based frequency comb generation. Left: SCG via injection of a train of ultrashort pulses into a waveguide with a cross-section dispersion 
engineered to produce a broad optical frequency comb with a spacing determined by the inverse of the pulse repetition rate. Right: KCG via pumping 
with a single-frequency laser of a microresonator that is dispersion engineered to produce a broad spectrum with a comb spacing given by the FSR of the 
microresonator. CW, continuous wave.

Table 1 | Linear and nonlinear optical properties of various materials suitable for chip-based nonlinear photonics

Material Refractive index Nonlinear index (m2 W–1) Transparency (µm) KCG observed SCG observed χ(2)

Silica 1.45 3 × 10–20 0.2–4 Y Y N
Si 3.47 5 × 10–18 1.2–8 Y Y N
α-Si-H 3.73 1.7 × 10–17 0.78–4 N Y N
Si3N4 2.0 2.5 × 10–19 0.4–4.6 Y Y Nc

Hydex 1.7 1.15 × 10–19 0.29–7 Y Y N
AlN 2.12 2.3 × 10–19 0.2–13.6 Y Y Y
GaN 2.31 7.8 × 10–19 0.36–13.6 N N Y
GaP 3.05 6 × 10–18 0.54–10.5 Y N Y
Diamond 2.38 8 × 10–20 0.22–>50 Y Y N
AlGaAs 3.3 2.6 × 10–17 0.7–17 Y Y Y
SiGea 3.59 2.7 × 10–18 1.2–9.3 N Y N
Geb 4.33 4.4 × 10–17 1.8–15 N N N
LiNbO3 2.21 1.8 × 10–19 0.35–5 Y Y Y
As2S3 2.43 3.8 × 10–18 0.6–11 N Y N

As2Se3 2.81 2.4 × 10–17 1–14 N Y N

Columns 5 and 6 correspond to whether KCG and SCG, respectively, have been observed. Column 7 indicates whether the material possesses a second-order optical nonlinearity. Y, yes; N, no. All parameters 
are values at 1.55 µm except for aat 4 µm and bat 3.2 µm. cAlthough bulk silicon nitride does not have an intrinsic χ(2), an effective χ(2) response can be induced via stress or the photogalvanic effect.
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Supercontinuum Generation Kerr-Comb Generation

Review Article: Gaeta, Lipson, and Kippenberg, Nature Phot. (2019)



Comb Generation in Microresonators
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Comb Generation in Microresonators
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modelocked pulse



Theoretical Model for Comb Generation 

• Lugiato-Lefever model: NLSE with ring-resonator B.C.

  

∂
∂t

A= −(α + iδ)A− i L
LDS

∂2 A
∂τ 2 + i L

LNL

| A |2 A+ηEin

Dispersion Nonlinearity PumpCavity loss 
& detuning

Haelterman, Trillo, and Wabnitz, Opt. Commun. (1992).
Wabnitz, Electron. Lett. (1993).
Nakazawa, et al. (1988).
Herr, et al., Kippenberg, Nature Phot. (2014).

Lugiato and Lefever, (1987); Haelterman, et al.(1992); Leo, et al. (2010); Matsko, et al.(2011); Coen, et al. (2013)
Chembo and Menyuk (2013); Lamont, Okawachi, & Gaeta (2013).

  
A(τ ) ~ C1 +C2 sech

j=1

N

∑ (τ −τ j ) / τ 0
⎡⎣ ⎤⎦

Dissipative soliton solutions exist



Simulations: Dynamics versus Detuning

Jang, unpublished



Microresonator-Based 
Frequency Combs

silicon nitride
Levy, et al., Nature Photon. (2010)

Ferdous, et al., Nature Photon. (2011)
Herr, et al., Nature Photon. (2012)

high-index glass
Razzari, et al., Nature Photon. (2010).
Pasquazi, et al., Opt. Express (2013).

silica
Del’Haye, et al., Nature (2007)

Agha, et al., Opt. Express (2009)
Li, et al., PRL (2012)

Papp, et al., PRX (2013)

CaF2, MgF2, & quartz
Savchenkov, et al., PRL (2008)
Liang, et al., Opt. Lett. (2011)
Papp & Diddams, PRA (2011)

Herr, et al., Nature Photon. (2012)

diamond
Hausmann, et al., Nature Phot. (2013)

Al nitride
Jung, et al., Opt. Lett. (2013)silicon

Griffith, et al., Nature Comm. (2014)
Yu, et al., Optica (2016)

GaP
Wilson, et al., Nature Phot. (2018)

AlGaAs
Pu, et al., Optica (2016)

lithium niobate
Wang, et al., Opt. Lett. (2018)

He, et al., Optica (2019)
Yu, et al., Light (2020)



Ultrahigh-Q SiN Microresonators

43Ji, et al., Gaeta & Lipson, Laser & Phot. Rev. (2020).

~ 2 mW

threshold
73 µW



Octave-Spanning Comb in
Si3N4 Microresonators

Okawachi, et al., Opt. Lett. (2011).

Brasch et al., Science (2016)

Briles et al., arXiv (2017)



Modelocking & Dissipative Solitons
in Microresonators

Saha et al, Opt. Express (2013).

Review:
Kippenberg, Gaeta, Lipson, Gorodetsky
Science (2018).

Herr, et al., Kippenberg, Nature Phot. (2014) 
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Pump Detuning Control in 
Microresonators
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Experimental Setup

Current Source

16.50 

Narrow Linewidth 
(1 kHz)

1559.79 nm 
Fixed Frequency Laser

EDFAEDFA

Tungsten Probe Tips

Resistive Heater

Optical Spectrum Analyzer

RF Spectrum Analyzer

Oscilloscope

Fast
Photodiodes
>12.5 GHz

200 GHz FSR Silicon Nitride Microresonator

Joshi, et al. Opt. Lett. (2016)



• Step-like features characteristic of soliton modelocking, similar to pump 
tuning

Resonance Scan

High noise state n-soliton states

n = 4 n = 2
n = 1

n-soliton states

Joshi, et al., Lipson, Gaeta, Opt. Lett. (2016)

Herr, et al. Nature Photon. (2014) 



Multi-Soliton States

49

Spectral modulations due to 
relative positions of solitons

• Single Soliton – 1 FSR 

• Two Soliton – 2 FSR

• Four Soliton – 4 FSR

• Show good agreement with 
sech2 envelope

sech



Microresonator Comb Spectral Coverage

[1] Saha, et al., Lipson & Gaeta OE (2013); Luke, et al., Gaeta & Lipson, OE (2016).
[2] Del’Haye, et al., and Kippenberg, Phys. Rev. Lett. (2011).
[3] Okawachi, et al., Lipson & Gaeta, Opt. Lett. (2011); Okawachi, et al., Lipson & Gaeta, Opt. Lett. (2013).
[4] Wang, et al., and Kippenberg, Nature Comm. (2012).
[5] Luke, et al., Gaeta and Lipson, Opt. Lett. (2015).
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Mid-IR Soliton Modelocked Combs

• High pump-to-comb conversion efficiency (40%)
Yu, et al., Lipson & Gaeta, Optica (2016)

80 mW

input



Synchronization of Microresonator Combs

µresonator 1

µresonator 2

• Coupled nonlinear dynamical 
systems

• Clock/ distribution

• Power combining

• Microwave mixing applications

> 20 m

100 µm



Uncoupled Microresonators

• Comb spacing mismatched
1) Fabrication uncertainty
2) Environmental fluctuations



Coupled and Synchronized Microresonators

• Couple <1% of output from one microresonator to other

• Timing of cavity solitons become synchronized



Simulations – Coupled LLE

Master (reference) 
cavity soliton

• Natural drift rate is 2 MHz for both cases.

Uncoupled caseCoupled case

Synchronized
Drift

Drift

Excitation



Experimental Characterization –
Beat-Note Measurement

Coupled Uncoupled

• Allowed mismatch: 2.6 MHz 
and 1.7 MHz

• Numerical predictions: 2.5 MHz 
and 1.5 MHz

20-m fiber

Jang, et al. Lipson & Gaeta, Nature Phot. (2018)



Experimental Characterization –
Beat-Note Measurement

Experimental

Numerical

• Allowed mismatches for 
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frequency combs. By utilizing microresonators of various sizes, we can extend our synchronization 
technique to the sub-harmonic and harmonic regimes. 
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Synchronization represents a general feature in the dynamics of an ensemble of coupled oscillators and has been 
observed universally across the realm of natural sciences such as chemistry, physiological biology, neuroscience, 
mechanical and electrical engineering, and physics [1,2]. This phenomenon manifests through spontaneous 
entrainment and phase-locking of several or all interacting oscillators in a system. Specifically, in the field of optical 
science, synchronization leads to the frequency-locking of photonic oscillators which has been harnessed to realize 
coherent beam combining of laser arrays [3] and timing synchronization of modelocked laser pulses [4]. More 
recently, the ability to entrain modelocked Kerr frequency combs [5,6] has been theoretically investigated [7], and 
experimentally demonstrated [8]. While potentially of significant technological interest, this technique was limited by 
the fact that the microresonators were required to be near-identical in size. 

Here we experimentally demonstrate both sub-harmonic and harmonic synchronizations of Kerr frequency combs. 
Our results significantly expand the scope of synchronization technique for Kerr combs, and could have implications 
in time and frequency metrology, optical telecommunications and microwave generation. We illustrate 1:3 sub-
harmonic synchronization and 3:1 harmonic synchronization schemes in Fig. 1. Each microresonator operates in the 
single cavity soliton regime which generates a coherent Kerr frequency comb with spacing equal to the soliton 
repetition rate [5,6], determined primarily by the length of the resonator. In each schematic, the microresonator at the 
top serves as the master oscillator and a small fraction of its output is extracted to couple to and enslave the slave 
oscillator at the bottom. In the case of 1:3 sub-harmonic synchronization, as schematically shown in Fig. 1(a), every 
3rd spectral component of the master oscillator couples to the adjacent spectral component of the slave oscillator. This 
scenario can alternatively be interpreted in the time domain as synchronous pulsed driving with a driving frequency 
thrice the comb spacing of the slave oscillator. The converse is true for the 3:1 harmonic synchronization case 
illustrated in Fig. 1(b).  

In our experiment, we use three circular silicon nitride (Si3N4) microring resonators with radii of 104.18 μm, 
208.36 μm and 312.54 μm, corresponding to approximate free-spectral-ranges (FSR’s) of 216 GHz, 108 GHz and 
72 GHz, respectively. The ring sizes have been chosen so that the FSR’s of the two larger rings are related to that of  
the smallest ring by integer factors 2 and 3. We examine every permutation of two out of the three microresonators in 
turn. Experimental results for 1:3 sub-harmonic synchronization and 3:1 harmonic synchronization are shown in Figs. 
2(a) and (b), respectively. In both cases, the comb spacing of the master resonator is swept thermally [8,9] while 

Fig. 1. Schematic illustrations for (a) 1:3 sub-harmonic synchronization, and (b) 3:1 harmonic synchronization. The top microresonator in 
each schematic is the master oscillator from which coupling signal is derived. 𝑡𝑅1 and 𝑡𝑅2 are roundtrip times of the cavity solitons for the 
master and slave microresonators, respectively. 
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leaving the slave resonator untouched. The spacing of the master comb is directly characterized by employing an 
electro-optic comb, generated from the same pump signal [10]. Beat frequency on the vertical axes is the detected 
frequency of the first beatnote between the two Kerr combs. When there is no coupling, as shown by the red curves 
in Figs. 2(a) and (b), the beat frequency decreases and crosses the zero only at a single point. On the other hand, when 
coupling is introduced (blue curves), there is a range of the master comb spacing where beatnotes vanish, indicating 
that synchronization occurred [8]. We note that the synchronization range is significantly narrower for harmonic 
synchronization, in comparison to the sub-harmonic case. This observation can be understood from the fact that for 
sub-harmonic synchronization, the driving frequency is higher than the comb spacing of the slave resonator by an 
integer multiple [3 in Fig. 1(a)]. As a result, the soliton in the slave resonator encounters the coupling signal every 
roundtrip. However, for the harmonic case in Fig. 1(b), the driving frequency is lower by a factor of 3 and the soliton 
in the slave resonator is influenced by the coupling signal only once per three roundtrips. Finally, we summarize our 
results as Arnold tongues for various orders of synchronization in Fig. 2(c), where experimental results are plotted in 
blue and the corresponding simulation results in red. Each white window corresponds to an absolute frequency range 
from -7 to 7 MHz, and represents :  synchronization [red labels on Fig. 2(c)] such that  , where  
and  are comb spacings of the master and slave Kerr combs, respectively, and  are integers. The region 
between red curves in each window denotes the range of tolerable comb spacing mismatch within which the slave 
comb can remain synchronized to the master comb. As expected, for all cases the allowed mismatch range increases 
with coupling transmission , which denotes a fraction of the master output power which is coupled into the slave 
resonator. These results provide the first demonstration of both sub-harmonic and harmonic synchronizations of Kerr 
frequency combs. These techniques could considerably improve the flexibility for synchronizing Kerr combs across 
a wide range of comb spacings. 
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Fig. 2. Experimental evidence for (a) 1:3 sub-harmonic synchronization, and (b) 3:1 harmonic synchronization. Red curves show results of 
the uncoupled cases, while blue curves for the coupled cases with coupling transmissions of (a) κ = 0.001 and (b) κ = 0.037. (c) Arnold 
tongues for various orders of synchronization. Blue dots and red curves are experimental and numerical results, respectively. Each white 
window corresponds to an absolute frequency range from -7 to 7 MHz. The error bars indicate two standard errors. 
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