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ABSTRACT OF THE DISSERTATION

Frequency comb generation

in dispersion engineered Si3N4 microresonators

and their applications

by

Hao Liu

Doctor of Philosophy in Electrical & Computer Engineering

University of California, Los Angeles, 2022

Professor Chee Wei Wong, Chair

Optical frequency combs, unique light sources that coherently link optical frequencies with

microwave electrical signals, have heralded several scientific frontiers such as frequency

metrology, optical clockwork, precision navigation, and high speed communication over the

past decades. Parametric oscillation in ultrahigh Q microresonators, facilitated by the high

quality factors and the small mode volumes, is an alternative physical process that offers

the opportunity of optical frequency comb generation in compact footprints with smaller

weight and lower power consumption. In particular, the observation of dissipative Kerr

soliton (DKS) formation and soliton-induced Cherenkov radiation offers a reliable route to-

wards self-referenced broadband optical frequency microcomb. DKS is localized attractor

where the Kerr nonlinearity is compensated by the cavity dispersion and the cavity loss

is balanced by the parametric gain. Thus the cavity dispersion and the pump-resonance

detuning are two determining parameters in the existence of DKS in ultrahigh Q microres-

onators. Among numerous material platforms, Si3N4 planar waveguide system draws great

ii



attention for its high nonlinearity, wide transparent window, low propagation loss and its

CMOS-compatibility. For Si3N4 microresonators, dispersion is typically engineered by de-

signing waveguide geometry. However, conventional method of using multi-mode waveguide

results in additional perturbation to the Kerr frequency comb generation dynamics. Fur-

thermore, despite of all the advantages, DKS suffers from low conversion efficiency, restrict

pump-resonance detuning requirement and difficult dispersion design, which could be sup-

plemented by normal dispersion frequency microcomb. In this thesis, I focus on frequency

microcomb studies in novel designs of tapered Si3N4 planar waveguide geometry achieving

higher-order-mode suppression. I not only work on unravelling the fundamental dynamics of

DKS in anomalous dispersion regime, but I also investigate a novel pulse formation mecha-

nism in normal dispersion device. Benefiting from their high intrinsic phase coherence and

individual comb line powers, I further extend my research to absolute distance metrology

with a single soliton comb that achieves nm-level precision, and terabits/s free-space optical

communication with a flat normal dispersion comb.
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CHAPTER 1

Introduction

Optical frequency combs, unique light sources that coherently link optical frequencies with

microwave electrical signals, have heralded several scientific frontiers such as frequency

metrology, optical clockwork, precision navigation, and high speed communication over the

past decades [1, 2]. Parametric oscillation in ultrahigh Q microresonators [3, 4], facilitated

by the high quality factors and the small mode volumes, is an alternative physical process

that offers the opportunity of optical frequency comb generation in compact footprints [5]

with smaller weight and lower power consumption. The recent demonstration of octave

spanning parametric oscillation [6, 7], low-phase noise photonic oscillator [8, 9, 10, 11], sta-

bilized optical frequency microcomb [12, 13, 14], and mode-locked femtosecond pulse train

[15, 16, 17, 18, 19] have triggered great excitements. In particular, the observation of dissi-

pative Kerr soliton formation and soliton-induced Cherenkov radiation [20] offers a reliable

route towards self-referenced broadband optical frequency microcomb. Dissipative solitons

are localized attractors where the Kerr nonlinearity is compensated by the cavity dispersion

and the cavity loss is balanced by the parametric gain [21]. Thus the cavity dispersion and

the pump-resonance detuning are two determining parameters in the existence of dissipative

solitons in ultrahigh Q microresonators.

Generation of microresonator-based optical frequency comb, or Kerr frequency comb, has

been studied in various material platforms [10, 22, 23, 24, 25, 26, 27, 28, 29, 20]. Among

those platforms, Si3N4 planar waveguide system draws great attention for its high non-

linearity, wide transparent window, robust coupling mechanism, low propagation loss and
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its CMOS-compatibility for potential monolithic electronic and feedback integration. For

Si3N4 microresonators, dispersion is typically engineered by the design of waveguide ge-

ometry. However, conventional method of using multi-mode waveguide will result in addi-

tional perturbation to the Kerr frequency comb and dissipative soliton generation dynamics

[30, 31, 27, 32, 33]. Hence, in my research, I focus on frequency microcomb studies in novel

designs of tapered Si3N4 planar waveguide geometry achieving higher-order-mode suppres-

sion. I not only work on unravelling the fundamental dynamics of dissipative Kerr solitons

in anomalous dispersion regime, but I also investigate a novel pulse formation mechanism in

normal dispersion device. Benefiting from their high intrinsic phase coherence and individual

comb line powers, I further extend my research to absolute distance metrology with a single

soliton comb and free-space optical communication with a flat normal dispersion comb. The

thesis is organized as follow:

In chapter 2, I will introduce a novel design of Si3N4 microresonator in which single mode

operation, high quality factor, and anomalous dispersion are attained simultaneously [34].

The novel microresonator is consisted of uniform single mode waveguides in the semi-circle

region, to eliminate bending induced mode coupling, and adiabatically tapered waveguides

in the straight region, to avoid excitation of higher order modes. The intrinsic quality factor

of the microresonator reaches 1.36 × 106 while the group velocity dispersion remains to be

anomalous at -50 fs2/mm. With this novel microresonator, we demonstrate that broadband

phase-locked Kerr frequency combs with flat and smooth spectra can be generated by pump-

ing at any resonances in the optical C-band. In this collaboration work, I mainly focus on

the device characterization, experimental demonstration of the smooth and phase=locked

microcomb as well as simulation of the microcomb dynamics using Lugiato-Lefever equation.

In chapter 3, I will unravel the transitional dynamics of frequency microcombs from

chaotic background routes to femtosecond mode-locking in real time, enabled by our ultrafast

temporal magnifier metrology and improved stability of dispersion-managed dissipative Kerr

solitons generated in an 88 GHz Si3N4 microresonator [35]. Through our dispersion-managed
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planar microresonator, we further observe a stability zone that is more than an order-of-

magnitude larger than its prior static homogeneous counterparts, providing a novel platform

for understanding ultrafast dissipative dynamics and offering a new path towards high-power

frequency microcombs. In this co-authored work, I mainly contribute to the theoretically

investigation of the intracavity dynamics of the stretched pulse in the tapered cavity using

coupled nonlinear Schrödinger equation, device characterization and the frequency-resolved

optical gating measurement.

In chapter 4, I will demonstrate thermally stabilized frequency microcomb formation in

a dispersion-managed microresonator at the different mode-locking states featured with the

negligible center frequency shift and broad frequency bandwidth. Subsequently, femtosec-

ond timing jitter in the microcombs are characterized, supported by precision metrology

on the timing phase, relative intensity noise and instantaneous linewidth. We contrast the

fundamental noise for a range of 89 GHz microcomb states, from soliton crystals to mul-

tiple solitons and single-soliton regimes, determined by pump-resonance detuning. For the

single-soliton state, we report a close-to-shot-noise-limited relative intensity noise of -153.2

dB/Hz and a quantum-noise-limited timing jitter power spectral density of 0.4 as2/Hz, at

100 kHz offset frequency. This is enabled by a self-heterodyne linear interferometer with 94.2

zs/Hz1/2 timing resolution, 50.6 mHz/Hz1/2 RF frequency resolution, and 6.7 μV/Hz fre-

quency discrimination sensitivity. We achieve a timing jitter at 1.7 ± 0.07 fs when integrated

from 10 kHz to 1 MHz (≈ 32.3 fs when integrated from 10 kHz up to 44.5 GHz Nyquist).

Measuring and understanding the fundamental noise parameters in these high-clock-rate fre-

quency microcombs are essential to advance soliton physics and precision microwave-optical

clockwork. In this collaboration work, I experimentally demonstrate all the DKSs states,

and theoretically analyze the dynamics of the DKS states with Lugiato-lefever equation

incorporated with avoided-mode crossing.

In chapter 5, a novel method to deterministically generate double DKS with fixed az-

imuthal angle assisted by the dual-pump driven scheme in a 88 GHz Si3N4 microresonator
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will be demonstrated. Via the dual-pump scheme, not only has the single soliton been

repeatably generated, double DKS with deterministic azimuthal angle has also been real-

ized through backward tuning. The effects of pump wavelength tuning and pump power

on the azimuthal angle are investigated. A direct bridge between the azimuthal angle and

the avoided mode crossing induced modulated CW background is established. This work

not only provides insight to DKS dynamics in dual-pump scheme, but also improves the

versatility of double-DKS based applications in microwave photonics.

In chapter 6, I will discuss the observations of square pulse formation in chip-scale fre-

quency combs, through stimulated pumping at one free-spectral-range and in silicon nitride

rings with +55 fs2/mm normal group velocity dispersion (GVD). Tuning of the platicon

frequency comb via a varied sideband modulation frequency is examined in both spectral

and temporal measurements. Determined by second-harmonic auto-correlation and cross-

correlation, we observe bright square platicon pulse of 17 ps pulsewidth on a 19 GHz flat

frequency comb. With auxiliary-laser-assisted thermal stabilization, we surpass the thermal

bistable dragging and extend the mode-locking access to narrower 2 ps platicon pulse states,

supported by nonlinear dynamical modeling and boundary limit discussions.

In chapter 7 A spectrally-resolved laser dimensional metrology via a free-running soli-

ton frequency microcomb, with nanometric-scale precision will be discussed [36]. Spectral

interferometry provides information on the optical time-of-flight signature, and the large

free-spectral range and high-coherence of the microcomb enable tooth-resolved and high-

visibility interferograms that can be directly readout with optical spectrum instrumentation.

We employ a hybrid timing signal from comb-line homodyne, microcomb, and background

amplified spontaneous emission spectrally-resolved interferometry – all from the same spec-

tral interferogram. Our combined soliton and homodyne architecture demonstrates a 3-nm

repeatability over a 23-mm non-ambiguity range achieved via homodyne interferometry, and

over 1,000-seconds stability in the long-term precision metrology at the white noise limits.

In this co-authored work, I focus on the stable single soliton generation with dual-driven
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scheme and then investigate the Allan deviation of the 88 GHz repetition rate.

In chapter 8, I will demonstrate terabits/s-scale coherent data communications in a free-

space atmospheric link, via a platicon frequency microcomb and through wavelength- and

polarization-division multiplexing towards multiple-access networks. Spanning more than

64 optical carriers at 115 GHz channel spacing, we report the first free-space link with a

frequency microcomb, with up to 10.2 Tbit/s aggregate data transmission with 20 Gbaud

symbol rate per carrier and over 160 m atmospheric distances, even under log-normal tur-

bulent conditions. With 16-state quadrature amplitude modulation, we demonstrate the

retrieved constellation maps line-by-line across the broad microcomb, achieving communica-

tion bit-error rates below the hard- and soft-decision thresholds for forward-error correction.

Secondly, to enable multiple-access networks, we demonstrate a single-input single-output

(SISO) free-space link, further improving the raw bit-error rates. In SISO configuration we

achieve an aggregate data rate up to 5.2 Tbit/s, alongside a field-tested 1.3 bit/s/Hz spectral

efficiency in our microcomb atmospheric link. We quantify experimental power penalties of

≈ 3.8 dB at the error-correction threshold, with respect to the theoretical additive white

Gaussian noise limit. Thirdly, we further demonstrate for the first time the master-slave car-

rier phase retrieval with frequency microcombs, the effects of turbulence-induced intensity

scintillation and pointing error fluctuations in the end-to-end symbol error rates. Through

channel fading models of low-visibility fog and smoke, log-normal atmospheric turbulence

and non-zero bore-sight pointing errors, we compare our link measurements to the funda-

mental modelled channel scaling. High-order modulation scaling is subsequently examined

for the free-space microcomb testbed. This demonstration provides a platform for broadband

connectivity, terrestrial and backhaul links, and ground-satellite links. In this collaboration

work, I am in charge of the experimental demonstration of the 115 GHz normal dispersion

microcomb, and theoretically study the mechanism of the microcomb with Lugiato-Lefever

equation incorporated with avoided-mode crossing. Furthermore, I implement the 160-m

free space link with active feedback control to minimize the pointing error. I also contribute
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to the digital signal processing of the Terabits/s data communication.
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CHAPTER 2

High-order-mode-suppressed Dispersion Engineered

Si3N4 microresonator

2.1 Introduction

Optical frequency combs, unique light sources that coherently link optical frequencies with

microwave electrical signals, have made a broad impact on frequency metrology, optical

clockwork, precision navigation, and high speed communication over the past decades [1,

2]. Parametric oscillation in ultrahigh Q microresonators [3, 4], facilitated by the high

quality factors and the small mode volumes, is an alternative physical process that offers

the opportunity of optical frequency comb generation in compact footprints [5]. The recent

demonstration of octave spanning parametric oscillation [6, 7], low-phase noise photonic

oscillator [8, 9, 10, 11], stabilized optical frequency microcomb [12, 13, 14], and mode-locked

femtosecond pulse train [15, 16, 17, 18, 19] have triggered great excitements. In particular,

the observation of dissipative soliton formation and soliton-induced Cherenkov radiation

[20] offers a reliable route towards self-referenced broadband optical frequency microcomb.

Dissipative solitons are localized attractors where the Kerr nonlinearity is compensated by

the cavity dispersion and the cavity loss is balanced by the parametric gain [37]. Thus the

cavity dispersion and the pump-resonance detuning are two determining parameters in the

existence of dissipative solitons in ultrahigh Q microresonators.

Generation of microresonator-based optical frequency comb, or Kerr frequency comb, has

been studied in various material platforms [10, 22, 23, 24, 25], including Si3N4 planar waveg-
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uide system that is especially suitable for monolithic electronic and feedback integration.

For Si3N4 microresonators, dispersion is typically engineered by the design of waveguide ge-

ometry. Anomalous dispersion, required for bright dissipative soliton formation, is achieved

using multi-mode waveguides in the optical C/L-band wavelength range. Besides, scattering

loss in multi-mode waveguides is reduced, leading to higher quality factors and lower comb

generation threshold [38]. Coupling between different transverse mode families in the multi-

mode waveguides results in periodic disruption of dispersion and quality factor, introducing

additional perturbation to the Kerr frequency comb and dissipative soliton generation dy-

namics [30, 31, 27, 32, 33]. Such effect manifests itself as characteristic amplitude modulation

in the Kerr frequency comb spectrum or detrimental destabilization of the dissipative cav-

ity soliton, depending on the strength and position of the mode coupling [27, 33]. Careful

choice of pump mode to avoid the mode crossing region and increase of cavity’s free spec-

tral range (FSR) are thus necessary for dissipative soliton formation in conventional Si3N4

microresonators.

In this chapter, we report a novel design of Si3N4 microresonator in which single mode op-

eration, high quality factor, and anomalous dispersion are attained simultaneously. No higher

order mode is observed throughout the optical C/L-band in the transmission spectrum. A

high resolution coherent swept wavelength interferometer is implemented to determine the

intrinsic quality factor and the group velocity dispersion (GVD, β2) of the microresonator.

They are measured at 1.36× 106 and -50 fs2/mm, respectively. We demonstrate that phase-

locked Kerr frequency combs can be generated by pumping at any resonances in the optical

C-band. The spectra spanning more than 20 THz (full width at -20 dB) are smooth without

periodic amplitude modulations.
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2.2 Dispersion engineered microresonator design

For applications such as high speed communication and astrospectrograph calibration, it is

beneficial to have a broadband optical frequency comb with a smooth and flat spectral shape

[39, 40]. Such an unstructured spectrum is difficult to attain in a multi-mode microresonator

(Figure 2.1), especially in Si3N4 microresonators where mode coupling is facilitated by the

strong sidewall scattering [38]. Reducing the waveguide cross-section to 1 × 0.8 μm2 is a

solution to eliminate higher order modes, but it results in larger optical mode overlap with the

waveguide boundaries and consequently lowers the achievable quality factor. Compared to

the multi-mode microresonator (QI = 1, 560, 000), the microresonator made of a 1× 0.8 μm2

waveguide only has an intrinsic quality factor of 830,000 (Table I). Such decrease in the

intrinsic quality factor leads to a reduction of cavity-enhanced Kerr effect by 3.5 times

((1, 560, 000/830, 000)2) [10]. Furthermore, such single mode waveguide features positive

GVD and large third-order dispersion (TOD, β3) for all optical communication wavelengths

(Figures 2a and 2b), inhibiting the Kerr frequency comb generation.

microresonator type loaded Q intrinsic Q

single-mode waveguide with a uniform width of 1 μm 0.6 M 0.83 M

multi-mode waveguide with a uniform width of 2 μm 1.1 M 1.56 M

single-mode waveguide with varying widths from 1 to 2 μm 1.0 M 1.36 M

Table 2.1: Intrinsic and loaded quality factors of different types of microresonators. For a fair

comparison, all other parameters of the microresonators are kept the same.

2.2.1 Higher order mode suppression

Our strategy to suppress higher order modes while maintaining high quality factor and

anomalous dispersion is two-fold (Figure 2.2c). First, a uniform single mode waveguide

(1× 0.8μm2) is included in the semi-circle region where the waveguide is curved, as bending
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Figure 2.1: Kerr frequency comb from a multi-mode microresonator. a, Cold cavity transmission

of a multi-mode microresonator. The waveguide cross-section is uniform at 2 × 0.8μm2 along the

whole microresonator. Five modal families (3 TE and 2 TM) are identified and mode hybridization

between the first two TE modes leads to periodic disruptions in dispersion and quality factor

(red arrows). Inset: Zoom-in view of the cavity resonances around 1588.6 nm. b, Example Kerr

frequency comb spectrum, showing a periodic amplitude modulation in its spectral shape due to

the mode hybridization.

introduces significant mode coupling if a multi-mode waveguide is used. The diameter of the

semi-circle is 200 μm. Second, the microresonator is enclosed by adding straight waveguides

with adiabatically tapered width to join the two semi-circles. Each straight waveguide is

800 μm long with the width tapered linearly from 1 μm at the two ends to 2 μm at the

middle, ensuring selective excitation of the fundamental mode in the otherwise multi-mode

waveguide segment. The GVD and TOD of the uniform waveguides with different widths and

the tapered waveguide calculated with a commercial full-vector finite-element-mode solver

(COMSOL Multiphysic), taking into consideration both the waveguide dimensions and the

material dispersion [41], which are summarized in Figure 2.2a,b. To account for the tapered
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geometry, waveguide dispersions are calculated for various widths (1 to 1.2 μm with a step of

25 nm and 1.25 to 2 μm with a step of 50 nm). Dispersions as a function of waveguide width

obtained from a cubic spline interpolation are also shown in the insets. The fitted functions

are then used to calculate the path-averaged dispersions β2 =
∫
β2(L)dL
Lcav

and β3 =
∫
β3(L)dL
Lcav

,

where dL=400 nm. The tapered waveguide accounts for > 70% of the cavity length, thus

the quality factor is minimally compromised (Table 2.1) and the average GVD remains to be

anomalous in this novel Si3N4 microresonator (Figure 2.2a). The average TOD is calculated

as -155 fs3/mm (Figure 2.2b) and its perturbative effect on the dissipative cavity soliton is

evaluated by introducing the normalized TOD coefficient d3 =
√
β1ω0
QL

β3

3|β2|3/2
, where β1 is

the group velocity and QL is the loaded quality factor [42]. In the designed microresonator,

d3 = –0.016 ≪ 1 and thus it is still in the GVD-dominant regime that is beneficial for

symmetric Kerr frequency comb generation. By numerically solving the Lugiato-Lefever

Equation (LLE), which describes the dynamics of dissipative cavity solitons [43], it is shown

that a stable 50-fs long pulse can be generated from the designed microresonator (Figure

2.2d). Further details about LLE could be find in Appendix B.

2.2.2 Device fabrication and characterization

The microresonator was fabricated with CMOS-compatible processes: first, a 5 μm thick

under-cladding oxide was deposited to suppress substrate loss. An 800 nm thick Si3N4 layer

was then deposited via low-pressure chemical vapor deposition, patterned by optimized deep-

ultraviolet lithography, and etched via optimized reactive ion dry etching. Annealing at a

temperature of 1150 ◦C was then applied to the chip for 3 hours to reduce the waveguide

propagation loss. Finally the silicon nitride spiral resonators were over-cladded with a 3 μm

thick oxide layer.

Characterization of the fabricated microresonator is summarized in Figure 2.3. A high

resolution coherent swept wavelength interferometer (SWI) was implemented to characterize

the cold cavity properties, Q and GVD, of the microresonator [17] (See detailed information
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Figure 2.2: Design of a single-mode, high Q, and anomalous dispersion microresonator. a,b, GVD

and TOD of the uniform waveguides with different widths and the tapered waveguide. c, An optical

micrograph of the designed single-mode microresonator. The waveguide in the semi-circle regions

has a uniform width of 1 μm, supporting only the fundamental modes. On the other hand, the 800

μm long straight waveguide has a tapered width from 1 μm at the end to 2 μm at the middle of

the waveguide. The total cavity length is 2.2 mm. Scale bar: 200 μm. d, Dissipative cavity soliton

with a FWHM duration of 50 fs is obtained by numerically solving the LLE.

in Appendix A.1.1). The wavelength of a tunable external cavity diode laser (ECDL) was

linearly tuned from 1530 nm to 1590 nm at a scan speed of 60 nm/s. The laser was set

to be purely TE polarized by inserting a polarizer with an extinction ratio of > 100 before

the coupling optics. Similarly, an analyzer was used at the output to guarantee exclusive

collection of either TE polarized (Figure 2.3a) or TM polarized (Figure 2.3c) transmission

spectra. To minimize the thermally induced resonance shift, the on-chip temperature was

actively controlled to ensure the temperature drift in 1 second was within 1 mK.

Figure 2.3a shows the cold cavity transmission of the microresonator, calibrated with 51
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Figure 2.3: Characterization of the single-mode, high Q, and anomalous dispersion microresonator.

a, Cold cavity transmission of the designed single-mode microresonator, measured with the high

resolution coherent swept wavelength interferometer (detailed in appendix A). Higher order modes

are not observed in the microresonator, but the weak TE and TM coupling around 1558 nm results

in a 10% reduction in the cavity loading (green lines and inset on the right). Inset on the left:

resonance at 1556 nm is undercoupled with a loaded Q of 1,000,000. b, Wavelength dependence

of the FSR, measuring a non-equidistance of the modes, D = –
β2cω

2
FSR
n , of 196±10 kHz. The

extracted GVD is anomalous at -50±2.6 fs2/mm. The slight dispersion disruption around 1558 nm

is negligible in the Kerr frequency comb formation, evidenced by the smooth spectral shapes shown

in Figure 2.4. c, At a different temperature (ΔT = 7 ◦C) where the TE and the TM resonances

become closer to degeneracy, stronger polarization coupling results in further reduction in the cavity

loading. The input is TE polarized and the output is analyzed by either a TE or a TM polarizer,

showing the hybridized modes are superposition of both polarization states.
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absorption features of the HCN gas cell, and no higher order transverse modes are observed

throughout the optical C/L bands in the spectrum. The inset shows the resonance at 1556

nm, which is undercoupled with a loaded Q over 1,000,000 and intrinsic Q about 1,360,000. 10

transmission spectra were taken and independently fitted to determine the mean value of the

GVD and the error bar of the measurements. Figure 3b shows the wavelength dependence of

the free spectral range (FSR), measuring a FSR of 64.24 GHz and a mode non-equidistance

of 19±10 kHz at 1556 nm. The GVD extracted from the measurements is anomalous at

–50± 2.6 fs2/mm.

2.3 Smooth and flat phase-locked Kerr frequency comb generation

For Kerr frequency comb generation, the microresonator is pumped with an on-chip power

up to 1.7 watts. A flat and smooth phase-locked Kerr frequency comb can be generated by

pumping at any resonances in the optical C-band, thanks to the absence of quality factor

disturbance induced by mode coupling. Figure 2.4 shows three example spectra pumping

at 1551.83 nm, 1556.48nm, and 1561.58 nm. Importantly, the spectral shapes resemble

one another and periodic amplitude modulations are not observed, distinctly different from

Figure 2.1 where the comb spectrum is structured by the mode coupling characteristics.

Tuning speed of the pump frequency has been shown to be a critical parameter to drive

the Kerr frequency comb into low-phase noise soliton state, circumventing the thermal effect

of the microresonator [16]. To find the proper tuning speed, pump power transmission is

monitored while pump frequency is scanned, via control of the piezoelectric transducer, across

a cavity resonance with tuning speeds varying from 1 nm/s to 100 nm/s. When the tuning

speed is higher than 40 nm/s, a characteristic step signature of low-phase noise soliton state

is observed. Figure 2.5a shows the pump power transmission with the pump frequency tuning

speed set at 60 nm/s. Coherence of the Kerr frequency comb is characterized by measuring

the RF amplitude noise with a scan range much larger than the cavity linewidth [18, 27, 44].
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Pump mode is removed with a fiber WDM filter to avoid saturation of the photodetector.

Figure 2.5b shows RF amplitude noise of the Kerr frequency comb at different states, showing

the transition from a high-phase noise state (state 1) to the low-phase noise soliton state

(state 2). In state 3, the pump is off-resonance and Kerr frequency comb is not generated.

At the proper pump-resonance detuning, the RF amplitude noise drops by more than two

orders of magnitude (state 1 to state 2) and reaches the background noise of the detector

(state 3). The RF amplitude noise measurements confirm the generation of phase-locked

Kerr frequency combs.

Figure 2.4: Smooth and flat Kerr comb generation at different pump wavelengths. In the designed

single-mode microresonator, phase-locked Kerr frequency combs can be generated by pumping at

any resonances in the C-band. Three example spectra are shown here. a, λp = 1551.83nm. b,

λp = 1556.48nm. c, λp = 1561.58nm. Moreover, the spectral shapes are smooth without periodic

amplitude modulations, distinctly different from Figure 2.1.
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Figure 2.5: Phase-locked Kerr frequency comb generation. a, Pump power transmission as the

pump wavelength is scanned across a cavity resonance at a speed of 60 nm/s. The observation of

the step signature is characteristic of the low-phase noise soliton state (state 2). b, RF amplitude

noise of the Kerr frequency comb at different states (1: high-phase noise, 2: low-phase noise) along

with the detector background (3), showing the transition in and out of the low-phase noise state.

The scan range of 1 GHz is more than five times the cavity linewidth.

2.4 Summary

In summary, we demonstrate a novel design of Si3N4 microresonator which can be used to

attain single mode operation, high quality factor, and anomalous dispersion all simultane-

ously. The microresonator is consisted of uniform single mode waveguides in the semi-circle

region, to eliminate bending induced mode coupling, and adiabatically tapered waveguides

in the straight region, to ensure selective excitation of the fundamental mode. The intrinsic

Q of the microresonator is 1.36× 106, 1.6 times larger than that of a single mode microres-

onator with a uniform waveguide cross-section. More importantly, the GVD of the novel

microresonator remains to be anomalous at -50 fs2/mm. With the novel microresonator, we

demonstrate the generation of phase-locked Kerr frequency combs pumped at any resonances
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in the optical C-band. The spectra spanning more than 20 THz (full width at -20 dB) are

smooth without periodic amplitude modulations.
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CHAPTER 3

Dispersion-managed Dissipative Kerr Soliton

3.1 Introduction

Optical frequency combs, first demonstrated in Mode-locked lasers, are unique light sources

that coherently link optical frequencies with microwave electrical signals and have largely in-

fluenced studies in frequency metrology, optical clocks, precision navigation, and high-speed

communication in recent decades [2]. The dissipative Kerr soliton, a local attractor that

doubly balances the parametric gain and cavity loss as well as the Kerr nonlinearity and

dispersion [37], has drawn significant attention in frequency comb studies in recent years.

These investigations have led to the discoveries of extensive soliton and soliton molecule

dynamics [45, 46, 47, 48]. In particular, efforts in the breathing pulse evolution along the

cavity length – through dispersion management – could broaden the scope of mode-locking

physics and solve the high-energy pulse break-up problem induced by an excessive accumu-

lated nonlinear phase, a serious limit in traditional cavities where pulses propagate statically

[49, 50, 51].

The miniaturization of frequency comb generation into chip-based microresonators offers

an opportunity to examine dissipative Kerr soliton generation in compact footprints [21],

which not only provides a promising testbed to examine fascinating nonlinear dynamics [52]

but also offers a reliable route for frequency microcombs [53] towards implementations in

low-phase noise photonic oscillators[9], broadband optical frequency synthesizers [13, 54], in-

tegrated dual-comb spectroscopy [55], coherent terabit communications [56], coherent laser
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ranging [57, 58], and spatio-temporal control of solitons [59]. In a normal procedure, dissipa-

tive soliton states can be generated when the driving laser frequency or power is tuned in the

Kerr-active microresonator from blue detuning to red detuning, initiating spontaneous cavity

modulation instability, followed by Turing pattern generation [60, 61, 62], a transition into

spatial-temporal chaos, and the eventual passage into the breather soliton, soliton molecules

or crystals, and single soliton states. As previous studies of cavity dynamics in fiber op-

tics could be boosted by real-time measurement technology [63, 64, 65], the study of these

abundant transition dynamics in a microcavity can benefit from a time magnifier system

due to its ability to characterize non-repetitive and arbitrary waveforms in real time with

sub-picosecond temporal resolution in a single shot [66, 67]. Complementing the techniques

of direct detection [68] and electro-optic comb scanning [69], temporal magnification can

help surpass the electronic limits when studying microresonator dynamics at very high rep-

etition rates of several tens of GHz or more. In steady state, static dissipative solitons have

been observed and characterized in both the anomalous [16] and normal dispersion regimes

[17, 15]. Dispersion-managed dissipative solitons have also been theoretically studied in Kerr

active resonators [70], including cases with shorter pulse widths for higher pulse energies.

Specifically, dispersion-managed microresonators [34] can exhibit improved output pulse sta-

bility via the reduced timing jitter converted from pulse center frequency fluctuations due to

the near-zero net GVD. In addition, a dispersion-managed dissipative Kerr soliton is more

resistant to breather soliton instabilities, increasing the attainable pulse energy from a pas-

sive resonator [70]. Operation in the stretched-pulse regime with near-zero GVD has been

demonstrated to be beneficial in femtosecond Mode-locked fiber lasers for achieving a nar-

row linewidth, low phase noise, and attosecond timing jitter [71], which are important merits

for advancing microwave photonics [72] and coherent pulse synthesis [73]. A similar timing

jitter reduction from decreasing the net cavity dispersion is also theoretically predicted in

Kerr-active resonators [74].

Here, we report the real-time transitional dynamics and enhanced stability of dispersion-
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managed dissipative solitons. Our oscillator is designed asymmetrically with adiabatic

tapering where single-mode operation, a high quality factor, and dispersion management

are attained simultaneously [34]. This design enables the enhanced stable formation of

dispersion-managed dissipative solitons. Subsequently, through our ultrafast temporal mag-

nifier (UTM) approach [67], we are able to map – in real-time –transitional portraits of

femtosecond mode-locking from noisy chaotic backgrounds. We illustrate the complex bifur-

cation dynamics of these tuned dissipative solitons. Third, through correlated transmission

measurements, we show that our dispersion-managed dissipative solitons exist in a stability

zone that is an order-of-magnitude larger than that in prior static homogeneous oscillators

and sustain more pulse energy.

3.2 Dispersion-managed dissipative Kerr solitons in a tapered mi-

croresonator

3.2.1 88 GHz dispersion-managed Si3N4 microresonator design and characteri-

zation

A scanning electron microscopy (SEM) image of the dispersion-managed microresonator is

shown in Figure 3.1a. The device consists of a waveguide with varying widths to provide the

oscillating GVD along the cavity length, and the detailed design of the waveguide width is

shown in Figure 3.1b. Figure 3.1d shows the GVD and nonlinear coefficient varying along

the cavity length. Since the effect of the varying nonlinear coefficient is negligible compared

to the changing GVD, we only consider the impact of GVD management in this work. Such

an oscillating GVD results in the periodic stretching and compression of dispersion-managed

dissipative Kerr solitons (DM-DKSs) and is more resistant to breather soliton instability,

increasing the attainable pulse energy from a passive resonator [15] (see Appendix B.1).

In our current design, the microresonator waveguide width first changes from 1 μm at the

coupling region to 4 μm in the middle of the microcavity and then changes back to 1 μm in
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the second half of the microcavity, resulting in a GVD oscillation from -59 fs2/mm to +58

fs2/mm.

The Si3N4 microresonator design not only provides an oscillating GVD along the cavity

length but also suppresses higher-order mode families, which suppresses the mode-crossing-

induced perturbation to dissipative soliton generation, leaving only the rare mode-crossing

caused by TE-TM mode hybridization from the fabrication imperfection [70]. Both the bus

waveguide and the cavity waveguide in the coupling region are designed to be strictly single-

mode, thereby ensuring selective excitation of the fundamental mode and suppressing other

transverse mode families. The cavity transmission around the pump mode is plotted in Fig-

ure 3.1e, with no observable higher-order transverse modes in the transmission spectrum.

Near-critical coupling is attained, with a loaded Q of 1.9× 106 and a cavity loading of 90%

for the pump mode. The microresonator free spectral range is measured to be ≈ 88 GHz.

The GVD and TOD shown in Figure 3.1c are calculated with COMSOL, taking into consid-

eration both the cavity geometry and the material dispersion. The path-averaged GVD is

slightly anomalous at -2.6 fs2/mm, leading to intracavity pulse dynamics in the stretched-

pulse regime. To verify the near-zero path-averaged GVD, both SWI and a high-resolution

frequency-comb-assisted diode laser spectroscopy [75] are employed to characterize the cold

cavity properties of our designed Si3N4 microresonator (See Appendix A.1). With active

control of the on-chip temperature, passive shielding against acoustic noise and an absolute

wavelength calibration with the hydrogen cyanide gas standard, the method provides a GVD

accuracy of 0.4 fs2/mm, determined as the standard deviation calculated from 10 indepen-

dent measurements. The mean value of the net cavity GVD from the 10 measurements is

-6.4 fs2/mm (Figure 3.1f).

3.2.2 Dispersion-managed dissipative Kerr soliton: theoretical analysis

In order to accurately depict the intracavity dynamics of DM-DKS, instead of mean-field

LLE, we solve coupled nonlinear Schrödinger equation numerically to describe the DM-DKS
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formation physics:

Am+1 =
√

TPin +
√
1 – TAm exp –jδ

∂

∂z
Am = –

α

2
Am –

j

2
β2(z)

∂2

∂t2
Am + jγ(z)|Am|2Am

(3.1)

where m, β2, α, T, γ, and δ are the number of roundtrips, GVD, cavity loss, coupling loss,

Kerr nonlinear coefficient, and pump-resonance detuning, respectively. The cavity length is

discretized into a total of 120 steps, and at each step, β2 and γ are re-evaluated based on

the local waveguide geometry. Figure 3.2a plots the numerically solved DM-DKS evolution

within the microcavity. The asymmetry of the pulse width and peak power shown in Figures

3.2b is due to the chirp change (see the detailed simulation result and discussion in Appendix

B.1). For each round trip, the DM-DKS experiences a cycle of stretching and compression

between 32.3 fs and 29.9 fs (Figure B.1).

3.2.3 Dispersion-managed dissipative Kerr soliton: experimental realization

Tuning the pump frequency into the cavity resonance from the blue side with a scan speed

of 3.5 THz/s, a stable DM-DKS can be observed, with a typical optical spectrum shown in

Figure 3.3a. The 3 dB bandwidth of the measured spectrum is 4.78 THz, and the transform-

limited FWHM pulse duration is 92 fs. Notably, the measured DM-DKS spectrum fits well

with a Gaussian profile (red line) rather than the squared hyperbolic shape (blue line),

indicative of stretched-pulse operation [70]. The inset plots the numerically simulated comb

spectrum, which also shows a better match with a Gaussian profile than a sech2 profile.

Furthermore, the TOD effect is augmented due to the near-zero GVD, resulting in the

observed asymmetry in the optical spectrum and carrier frequency shift (green dashed line)

from the pump. A stable pulse train and low-noise operation is confirmed by an RF amplitude

noise spectrum measurement (Figure 3.3b), showing that the noise level approaches the

detector background, and a frequency-resolved-optical-gating (FROG) measurement (Figure

3.3c), showing consistently low retrieval errors below 10–2. A singlet DM-DKS pulse with a
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negative chirp, in qualitative agreement with the numerical simulation, is retrieved from the

FROG spectrogram. We note that a quantitative comparison cannot be made due to the

limited bandwidth of the C-band Er-doped fiber amplifier used in our FROG measurement

(see Appendix A.3.1).

Figure 3.4a shows the total transmission of the microresonator with respect to the pump

resonance detuning when the pump frequency is scanned across the resonance at a speed of

2.1 THz/s. The transmission deviates from a Lorentzian lineshape and follows a triangular

profile defined by the combined effect of the thermal and nonlinear resonance shifts, resulting

in optical bistability that eventually leads to dissipative Kerr soliton formation. At the

edge of the resonance, multiple discrete transmission steps are observed, which have been

identified as important attributes of dissipative Kerr soliton (Figure 3.4b). As solitons are

formed, excessive optical power is ejected from the cavity, resulting in a stepwise increase in

the total transmission.

3.3 Real-time dynamics measurement with an ultrafast temporal

magnifier

While the temporal structure of the intracavity field is detailed at the sub-picosecond time

scale, the evolution and transition dynamics are portrayed at a much slower sub-microsecond

time scale, which is associated with the cavity photon time of the microresonator. The

orders-of-magnitude difference in the time scale between the two time dimensions poses an

experimental challenge for capturing a comprehensive picture of the dynamics. Here, we

demonstrate that UTMs are invaluable solutions that can fully characterize the evolution

and transitional dynamics of dissipative Kerr solitons. A UTM is the time-domain coun-

terpart of a high-speed digital microscope system, utilizing the space-time duality principle

where diffraction in space and dispersion in time share the same mathematical expression

[67]. Incorporating suitable GDDs (D1 and D2) before and after the four-wave mixing stage
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in a highly nonlinear fiber (HNLF), a temporal magnification of 72× and a time resolution

of 600 fs are attained in our UTM, enabling a detailed depiction of the dissipative soli-

ton’s temporal structure. The evolution and transition dynamics, on the other hand, are

sampled optically with a synchronized and stabilized femtosecond Mode-locked fiber laser

(MenloSystems GmbH). The frame rate of the first UTM is 250 MHz, higher than the cavity

resonance linewidth of 100 MHz, and is determined by the laser repetition rate stabilized to

an Rb-disciplined crystal oscillator.

The schematic setup of the UTM is depicted in Figure 3.5 (Appendix A.6). UTM is

implemented though four-wave mixing (FWM) in a 50-m highly nonlinear fiber (HNLF).

The HNLF (OFS) had a zero-dispersion wavelength (ZDW) of 1556 nm and a dispersion

slope of 0.019 ps/(nm2·km). The nonlinear coefficient is 11.5 W–1 km–1. The FWM pump

is derived from a stabilized femtosecond Mode-locked fiber laser, and its spectral component

from 1554 nm to 1563 nm is first filtered out by wavelength-division multiplexing (WDM2)

and subsequently amplified by a C-band erbium-doped fiber amplifier (EDFA-C) to 50 mW.

Before the signal and the pump are combined via WDM3 into the FWM stage, they are

chirped by D1 and Df , respectively, through two spools of SMF-28. The generated idler is

filtered out via WDM4 and then chirped by the output dispersion D2 through a spool of

DCF. Finally, the filtered and chirped idler is amplified by an L-band erbium-doped fiber

amplifier (EDFA-L) to 100 μW before it is sent to a 25 GHz amplified photodetector (PD2)

and an 80 GS s–1 real-time oscilloscope for detection. For the correlation measurements, the

ECDL laser frequency scan and the oscilloscope data acquisition system are synchronized

using a multi-channel pattern generator. All of the electronics are commonly referenced to

an Rb-disciplined crystal oscillator for accurate timing.

At a frame rate of 25 MHz for the second UTM and with a 190 ps single-shot record length,

we can record a complete intracavity field of 16 roundtrips in real time, but missing the

information between each measurement. Then, multiple frames are stitched to reconstruct

the soliton evolution through the whole transmission step. As long as the intracavity field
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pattern evolves much slower than 25 MHz, our technique could provide valuable information

about the intracavity waveform evolution.

To compare the difference in the transition dynamics and stability zone between static

and dispersion-managed dissipative Kerr solitons, we synchronize both the transmission and

UTM measurements with pump frequency scanning and focus on the dynamics around these

transmission steps.

3.3.1 Stability zone and temporal dynamics: static dissipative Kerr soliton

A representative result of static soliton formation in a homogeneous microresonator is sum-

marized in Figure 3.6a. The Si3N4 microresonator consists of a 1.2 × 0.8 μm2 uniform

waveguide, with a loaded Q of 1.5 × 106, a cavity loading of 86%, and a measured GVD

of -33.1 fs2/mm (Figure 3.1c). At the first transmission step where the cavity loading de-

creases to 45% (corresponding to a transmission of 55%), a doublet soliton state is reached

and remains stable for a 160 kHz change in the pump resonance detuning before the second

transmission jump. A further reduction in the cavity loading to 30% results in the formation

of a singlet soliton state, which nevertheless only exists in a small stability region of 30 kHz.

An on-chip pump power of 30 dBm is used in this example, but similar behaviour is noted

for pump powers of 24 dBm and 27 dBm. However, no stable soliton states are observed

from the UTM when the on-chip pump power exceeds 30 dBm.

3.3.2 Stability zone and temporal dynamics: dispersion-managed dissipative

Kerr soliton

In comparison, representative results of dispersion-managed soliton formation with distinctly

different features are summarized in Figures 3.6b and 3.6c. First, a stable singlet soliton

is observed at both power levels of 30 dBm (Figure 3.6b) and 32 dBm (Figure 3.6c), with

a better success rate in achieving the singlet soliton state at higher power. The on-chip
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pump power of 32 dBm is limited by the available power of our high-power erbium-doped

fiber amplifier. Second, while the transition from chaos to low-noise stable solitons is still

associated with a transmission step, the transition from a multiple soliton state to a singlet

soliton state no longer results in a further ejection of excessive intracavity power. Rather,

monotonic increases in the cavity loading from 38% to 52% (Figure 3b) and from 36% to

57% (Figure 3.6c) are observed. When the on-chip pump power is 30 dBm, triplet solitons

are first observed after the transmission step (Figure 3.6b-I), and their interaction gradually

results in a transition to a singlet soliton state at the end of the transmission step (Figure

3.6b-II). Both characteristics illustrate the advantage of the dispersion-managed Kerr soliton

in concentrating more energy into a singlet soliton pulse. Furthermore, the stability zone

of DM-DKS including both the multiple and singlet soliton cases are extended to 340 kHz

(Figure 3.6b) and 400 kHz (Figure 3.6c), more than double the stability zone of a static

soliton. In particular, at a higher on-chip pump power of 32 dBm, the singlet soliton state

can persist across the whole transmission step (Figure 3.6c), showing a remarkable increase

in the singlet soliton stability zone by more than an order of magnitude (400 kHz as opposed

to 30 kHz) at a higher pump power. The generation of this particularly stable singlet soliton

state is found to be correlated with a cleaner transmission curve before the transition (grey

region in Figure 3.6), with the root mean squared fluctuation decreasing from 20% to 10%.

3.3.3 Transition dynamics of dispersion-managed dissipative Kerr soliton evo-

lution

To probe the real-time dynamics in this potentially chaotic regime, the UTM is slightly

modified to increase the signal-to-noise ratio and reduce the TOD-induced aberration at

the cost of lowering the measurement frame rate (red dashed box in Figure 3.5c). While the

overall system GVD is increased by more than a factor of 5, the TOD is minimized by a proper

combination of a dispersion-compensating fiber and a non-zero-dispersion-shifted fiber (see

Appendix A.3.2). The output from the stabilized femtosecond Mode-locked fiber laser comb,
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for optical sampling along the slow time axis, is pulse-picked with an electro-optic modulator

(EOM) to reduce the repetition rate down to 25 MHz. An arbitrary waveform generator

(AWG), electronically synchronized to the Mode-locked pulse train, serves effectively as

a high-quality frequency divider and drives the EOM for pulse picking with a dynamic

extinction ratio of more than 20 dB. With the modified UTM, we are able to measure the

evolution of not only the low-noise stable solitons but also the chaotic oscillations before the

stable transition (Figure 3.7). In the case where the singlet soliton remains stable across the

whole transmission step (Figure 3.6c), the temporal structure before the transition appears

to be less chaotic, resulting in a cleaner transmission curve. Despite intense and rapid soliton

interaction dynamics (Figure 3.7b), a clear temporal pulse structure is still observed, which is

quite different from the chaotic state (Figure 3.7d). The inset in Figure 4a shows a stability

analysis of the dispersion-managed oscillator, showing that such a design could enlarge the

single soliton zone with a high pump power (see Appendix B.1 for detailed discussion).

3.4 Summary

In summary, we discuss the observation of DM-DKS in an adiabatically tapered Si3N4 mi-

croring. The tuned GVD along the cavity length manifests itself in a Gaussian-like opti-

cal spectrum that has a more equalized pump-matching comb power than a sech2 spectral

shape, which is advantageous for applications such as astrospectrograph calibration and

high-capacity coherent communication. Stretched-pulse operation with near-zero net cavity

GVD is beneficial for reducing the timing jitter of frequency microcombs and advancing

on-chip microwave photonics and precision metrology. We apply UTM metrology to observe

and study the evolution dynamics of our dispersion-managed dissipative solitons. With this

new approach, we portray the soliton transition dynamics and show that these dispersion-

managed dissipative solitons exist in a stability zone that is an order-of-magnitude larger at a

higher pump power than their static counterpart in traditional homogeneous oscillators and
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sustain more pulse energy. The dispersion management demonstrated by the design of the

waveguide geometry can be generalized and extended to other material systems, such silicon

[76], high-refractive-index glass [77], aluminium nitride [78], AlGaAs [28] and lithium nio-

bate [79], and unconventional spectral ranges, such as the ultraviolet [80] and mid-infrared

ranges [81]; the same principle can also be applied to other types of microresonators by

engineering whispering gallery mode cavity structures [82]. The dispersion-managed dissipa-

tive soliton microresonator provides a novel platform for understanding ultrafast dissipative

cavity dynamics and offers a new path towards high-power frequency microcombs.
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Figure 3.1: Characterization of an 88 GHz adiabatically tapered Si3N4 microring. a, SEM image

of the dispersion-managed microring. The varying widths of the cavity waveguide provide an

oscillating GVD and varying nonlinear coefficient. b, The waveguide width changes at different

locations of the microring. c, COMSOL-modelled GVD and TOD of the Si3N4 waveguide with

respect to the waveguide width, taking into consideration both the waveguide dimensions and the

material dispersion. At the pump wavelength of 1598.5 nm, the path-averaged GVD and TOD are

-2.6 fs2/mm and -397 fs3/mm, respectively. The red dots are the measured GVD for waveguides

with widths of 1.2 μm, 1.5 μm, and 1.6 μm, showing good agreement with the simulation results. d,

The GVD (blue curve) and nonlinear coefficient (red curve) at the pump wavelength (1598.5 nm)

change at different locations of the microring. e, Cold cavity transmission of the tapered Si3N4

microring, measured with SWI. The existence of higher-order transverse modes is not observed

across the wavelength region of interest. f, Wavelength dependence of the FSR, determining the

residual non-equidistance of the modes, D = (–
β2ω

2
FSRc)
2πn , of 54 ± 3 kHz. The extracted GVD is

anomalous at -6.4±0.4 fs2/mm, in good agreement with the simulation result.
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Figure 3.2: NLSE-modelled DM-DKS dynamics. a, 2D map of oscillating pulse width along cavity

position due to dispersion management. The pulse width changes along the cavity length length. b,

upper panel: The variation in the FWHM of the dispersion-managed dissipative soliton along the

cavity length; lower panel: The variation in the peak power of the dispersion-managed dissipative

soliton along the cavity length.
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Figure 3.3: Experimental characterization of DM-DKS. a, Measured optical spectrum of the

dispersion-managed dissipative soliton, which fits better to a Gaussian profile (red curve) than

a sech2 profile (blue curve). The 3 dB bandwidth of the measured spectrum is 4.78 THz, and the

corresponding FWHM of the transformed-limited pulse is 92 fs. Inset: simulated comb spectrum,

also showing a better match with a Gaussian profile than a sech2 profile. b, RF amplitude noise of

the Kerr frequency microcomb in different states, showing the transition into the low-phase noise

state with amplitude noise reaching the detector background. The 5 GHz scan range is more than

50 times the cavity linewidth. c, Pulse shape (black line) and temporal phase (blue line) retrieved

from the FROG measurement. The FWHM pulse duration is measured to be 167 fs.
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Figure 3.4: Pump power transmission at scanning speed of 2.1 THz/s. a,Total power transmission

as the pump frequency is scanned across a cavity resonance at a speed of 2.1 THz/s for an on-chip

pump power of 30 dBm. The step signature is characteristic of the low-phase noise soliton state

(state 2). b, The dissipative Kerr soliton dynamics around these transmission steps are studied and

portrayed with the UTM system.
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Figure 3.5: Schematic setup of the UTM system. Along the fast time axis, the temporal structure

of the intracavity field is magnified and captured by a real-time oscilloscope. The temporal magni-

fication and time resolution of the UTM system are 72× and 600 fs, respectively. Along the slow

time axis, the evolution and transition dynamics are sampled optically with a stabilized femtosec-

ond Mode-locked fiber laser. The frame rate of the UTM system is thus 250 MHz, limited by the

repetition rate of the Mode-locked fiber laser. All of the electronics are commonly referenced to

an Rb-disciplined crystal oscillator for accurate synchronization. Inset: two pulses separated by 30

ps, originally unresolved (black curve), are distinguishable via the UTM system. ECDL: external

cavity diode laser. WDM: wavelength-division multiplexing. EDFA: erbium-doped fiber amplifier.

AWG: arbitrary waveform generator. EOM: electro-optic modulator. PD: photodetector. D1, D2,

and Df are the dispersions for the UTMs (see A.1). To increase the SNR and reduce the aberration,

the measurement frame rate is reduced to 25 MHz by picking 1 pulse out of 10 with an EOM driven

by a synchronized AWG (red dashed box).
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Figure 3.6: UTM-enabled comparison of the stability zone and temporal dynamics between static

DS and DM-DKS. a, Total power transmission (left panel) and the 2D evolution portrait (right

panel) of static DS formation in a homogeneous microring with a measured GVD of -33.1 fs2/mm.

A single soliton is only observed in the last transmission step and remains stable for the pump

resonance detuning range of 30 kHz, where the cavity loading is reduced to 30%. The on-chip

pump power is 30 dBm. b and c, Total power transmission (left panel) and the 2D evolution

portrait (right panel) of DM-DKS in the tapered microring, showing increased stability zones at a

higher pump power than static solitons. In panel b, the on-chip pump power is 30 dBm, and in

panel c, the on-chip pump power increases to 32 dBm. At this pump power level, a low-noise stable

soliton state is not observed in a homogeneous microresonator. Insets: measured pulse shapes at

the pump resonance detuning denoted by the white dashed lines in the 2D mappings.
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Figure 3.7: Transition dynamics of a DM-DKS. The on-chip pump power is 32 dBm, and the scan

speed is 2.8 THz/s. a, Total power transmission (top panel) and magnified optical waveforms on

the real-time oscilloscope (bottom panel). For the case where the singlet soliton state persists

across the whole transmission step (c), the temporal pulse structure is still discernible before the

transition despite intense and rapid soliton interaction dynamics (b). We note that real time is the

oscilloscope time divided by MUTM. d, With the SNR-improved UTM, chaotic states could also

be successfully recorded.
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CHAPTER 4

Timing jitter investigation in 88 GHz

dispersion-managed dissipative Kerr soliton via

dual-pump scheme

4.1 Introduction

Laser frequency combs have impacted science and technology fields with their equidistant

frequency spacings, serving as unique coherent microwave and optical clockworks [83, 84].

Recent emerging applications include, for example, optical clocks for space-borne networks

[85, 86], precise laser ranging metrology for autonomous platforms [87] and low phase noise

radio frequency generation [88, 89], all aided by low timing jitter mode-locked frequency

combs. The observations of dissipative soliton microcombs in single microresonators [21, 16]

or coupled-microresonators [90] with smooth spectral profiles and dispersive waves [20] offer

opportunities to examine soliton comb dynamics in miniature platforms. There has been

significant progress of soliton microcomb formation in different integrated microresonators

such as Si3N4 [91], AlN [92], LiNbO3 [93], and AlGaAs [94], benefiting from either ultra-

high quality factors or large nonlinear coefficients. The recent demonstrations of electrically

pumped turn-key soliton microcombs [95, 96, 97] and mode-locked microcombs [98] further

reinforce the viability of the fully integrated frequency microcomb and pave the way for inte-

grated functionalities such as terabit-per-second coherent transceivers [56, 99, 100], parallel

coherent LiDAR [101], precision frequency metrology and control [13, 54], astrophysical spec-

trographs [102, 103], laser spectroscopy [104, 55, 105], distance ranging [36, 58, 57], low-noise
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microwave generation [8, 106, 107], and convolutional processing networks [108, 109].

In soliton microcombs, the pump-resonance detuning noise [110] plays a critical role in

the pump-to-repetition-rate noise transduction [111, 112, 113]. A low repetition rate phase

noise (repetition rate timing jitter) regime exists at a detuning where soliton center fre-

quency shift from dispersive-wave emission is balanced by nonlinear effects. The phase noise

can be improved by injection locking pump laser to resonant cavities [98], pumping the mi-

croresonators with a narrow linewidth laser [114], optimizing high-order dispersion of the

microresonators [115], and thermal stabilization with an auxiliary laser [116]. Quantum

motion of the microresonators has also been observed recently through timing jitter char-

acterization in counter-propagating soliton pairs after suppressing common-mode technical

noise [117]. With close-to-zero net group velocity dispersion, dispersion-managed soliton

microcombs have been theoretically and experimentally investigated in active resonators

featuring shorter pulse width as well as better timing stability [35, 74, 70]. Therefore, the

precise characterization of timing jitter in various microcombs is highly demanded. Direct

photon-detection can characterize timing jitter when repetition rates are detectable, but it

has limited timing jitter power spectral density (PSD) noise floor of 1 × 10–6fs2/Hz at 1

MHz offset frequency [91]. It is sensitive to intensity-noise-to-phase-noise (IM-PM) conver-

sion [118]. Linear fiber interferometry [107, 119] could provide a lower timing jitter PSD

noise floor of 1× 10–9fs2/Hz which is free of the IM-PM conversion and shot noise limit.

Here we demonstrated a series of thermally intracavity-power-stabilized microcombs at

different mode-locked states in 88 GHz dispersion-managed Si3N4 microresonators with neg-

ligible center frequency shift and broad frequency bandwidth. The demonstrated dispersion-

managed (DM) microcombs not only expand the scope of soliton dynamics [21, 16, 20, 90],

but also enable low-jitter soliton trains. Subsequently, we determine the intensity, timing

and optical frequency fluctuations of the soliton microcombs at the single-soliton, multiple

soliton, and soliton crystal states [120, 52]. Since the microcomb oscillators have high repe-

tition rates, low pulse energy, and high pulse background, we present a linear interferometry
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approach with tens of zeptosecond/Hz
1
2 timing jitter resolution to characterize its jitter. We

note that the approach in [107, 119] is reference-free and independent of the repetition rate,

expanding from prior silica microcomb [107] and fiber comb studies [119] to the 88 GHz

pulse train timing jitter measurements of the silicon nitride DM-DKSs. The measurement

of the fundamental timing jitter is based on: (1) time delay for the frequency discrimina-

tion and (2) optical carrier interference for the optical phase discrimination. We observe

a relative intensity noise (RIN) of -153.2 dB/Hz at 100 kHz offset, with a corresponding

integrated RIN of 0.034% from 100 Hz to 10 MHz for the single-soliton microcomb. The

measured near-instantaneous linewidth of individual comb lines is 2.3 kHz. For the single-

soliton microcomb, the quantum-noise-limited timing jitter PSD is determined as 0.4 as2/Hz

for 100 kHz offset, with an integrated jitter of 1.7 ± 0.07 fs from 10 kHz to 1 MHz. These

measurement observations of the femtosecond-level jitter in chip-scale frequency microcombs

advances a fundamental research platform towards chip-based optical-microwave clockwork,

distributed timing standards, and precision metrology.

4.2 DM-DKS generation in a 89 GHz tapered microresonator via

dual-pump scheme

The device design of the 89 GHz Si3N4 microresonator is similar to the one in chapter 3,

however, due to fabrication imperfection, the exact GVD is different. The fundamental TE

mode features a small anomalous path averaged GVD of -3.51 fs2/mm at a pump wavelength

of 1602 nm, simulated through COMSOL. The cavity GVD is experimentally characterized

by the SWI with only two avoided mode-crossings across the entire wavelength range, shown

in Figure 4.1. The measured free spectral range and GVD are ≈ 89 GHz and -4.39 fs2/mm,

respectively. The measured loaded and intrinsic quality factors are 1.8× 106 and 3.4× 106,

respectively.

DM-DKSs are then generated in this microresonator via a dual driven scheme, which will
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Figure 4.1: Measured GVD of the 89 GHz tapered microresonator. The measured GVD via SWI

is β2 = –4.39fs2/mm.

be further discussion in chapter 5. Figure 4.2a illustrates the optical spectrum of the single-

soliton DM-DKS overlapped with the LLE modeled spectral profile. Modest spectral dips

are observed resulting from two hybridized inter-polarization mode couplings at 1592.64 nm

and 1659.72 nm are observed. The 1563.64 nm peak is the auxiliary pump laser. To illustrate

the temporal performance of the microcomb, we measured the intensity A.C. trace with a

non-collinear second-harmonic autocorrelator after pump suppression with a bandpass filter.

Figure 4.2b shows the measured pulse width of the single-soliton at ≈ 305 fs for the filtered

optical spectrum (autocorrelation trace background originating from the continuous-wave

pump laser), along with the ≈ 11.2 ps pulse train. The modeled pulse width is included in

the inset of Figure 4.2b. We also observed double-soliton and soliton crystal states in the

microresonator. The corresponding measured optical spectra of the double-soliton and one

defect soliton crystal are illustrated in Figure 4.2c and 4.2e overlapped by the LLE mod-

eled spectral profiles, respectively. The soliton crystal optical spectrum indicates destructive

interference between a single-soliton microcomb and a 12-FSR perfect soliton crystal mi-

crocomb. The spatiotemporal LLE modeled intracavity waveforms are depicted in Figure

4.2d and 4.2f where the soliton defect in the time domain is presented. The demonstrated
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microcombs offer broader optical spectra consistent with the simulated results over multiple

soliton types with near-single-mode operation with only two avoided mode crossings and

negligible center frequency shift [121].

Figure 4.2: Examples of DM-DKS. a, c, and e, Measured optical spectra of the single-soliton,

double-soliton and soliton crystal with one defect overlapped with the LLE model showing negligible

center frequency shifts. Insets are zoomed optical spectra. b, Measured intensity A.C. trace of the

single-soliton state. Inset is the measured and modeled pulse width. d and f, Modeled intracavity

waveforms of double-soliton and soliton crystal states with a temporal separation of 0.54TR and

1
12TR, respectively.
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Figure 4.3: Experimental setup of the TE-TM dual-driven approach for the generation of ther-

mally stabilized soliton microcomb and the relative intensity noise measurement. LD: laser diode;

EDFA: erbium-doped fiber amplifier; PBS: polarization beam splitter; TE: transverse-electric; TM:

transverse-magnetic, OBPF: optical bandpass filter; PD: photodiode; OSO: oscilloscope; SSA: sig-

nal source analyzer.

4.3 Relative intensity noise measurement

To obtain the DM-microcombs reliably and deterministically, Figure 4.3 illustrates the

implemented TE-TM dual-driven pump approach (discussed in chapter 5). The forward-

propagating pump laser is amplified and polarized into the transverse-electric (TE) polar-

ization while the backward-propagating transverse-magnetic (TM) polarized auxiliary laser

thermally stabilizes the microresonator intracavity total power. We generate the microcombs

in a planar tapered dispersion-managed Si3N4 microresonator at the effective red-detuned

regime of the pump resonance ν0 through this dual-driven scheme based on dynamic pho-

tothermal stabilization. The orthogonal-polarized auxiliary laser is launched into the blue-

detuned regime from the resonant mode ν53 in the counterpropagating direction to mitigate

thermal transients during the microcomb transition from a high-noise chaotic state to a

low-noise mode-locked state and thermally stabilize the pump-resonance detuning. The

TM-polarized auxiliary laser experiences normal GVD avoiding the initiation of paramet-

ric oscillation [8]. The auxiliary laser is used to stabilize the microresonator intracavity

power by optimizing the auxiliary laser power and phase detuning [116]. To quantify the

soliton microcomb noise performance, we conduct intensity noise and comb line linewidth

measurements at the different soliton microcomb states prior to the respective timing jit-
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ter measurements. Coherence of the soliton frequency microcomb is examined via the RF

intensity noise spectra over a microwave frequency span that is a few times of cold cavity

resonance linewidth. While this distinguishes between the high and low noise comb states,

it does not identify noise types nor sources.

Figure 4.4: RIN measurements of different DM-DKS states. a, Filtered optical spectrum of the

single-soliton DM microcomb. b, c, and d, Relative intensity noise power spectral density (PSD)

and the corresponding integrated RIN of the microcombs at the different dynamical states along

with the lower bound set by the pump laser. The RIN PSD of the chaotic DM-microcomb and

the RIN PSD after loading broadband ASE noise are also illustrated. Inset of b: Electrical noise

optimization by adjusting the incident optical power of the PD to explore the dynamic soliton

intensity fluctuations at the different states. Inset of c: Noise degradation of the double-soliton

DM-microcomb showing additional white high-frequency noise. Inset of d: Noise degradation of

the soliton crystal DM-microcomb showing dynamic high-frequency noise.

To supplement the RF intensity noise measurements of the soliton microcombs, measure-

ment of the relative intensity noise (RIN) is performed next. The filtered microcomb with

pump mode removed is measured by a photodetector (Thorlabs PDA10CF) with optical
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power of 210 μW. A multimeter and an oscilloscope are utilized to monitor the DC voltage

(V0). Then a signal source analyzer (Keysight E5052B) records the voltage fluctuation PSD

SΔI(f). The filtered optical spectrum is shown as in Figure 4.4a. The measured RIN PSD

[SRIN(f)] of the 89 GHz mode-locked microcombs, calculated by normalizing the measured

intensity fluctuation PSD [SΔI(f) in units of V2/Hz] by the average detected intensity |V0|2,

is shown in Figure 4.4b to 4.4d corresponding to the single-soliton, double-soliton, and one

defect soliton-crystal microcombs. The black curves in Figure 4.4b to 4.4d are the RIN PSD

of the spatiotemporal chaotic state [122] and the pump laser, indicating the upper and lower

bounds of the soliton microcomb RIN PSD. The soliton microcomb RIN PSD drops with a

30-dB/decade slope (1/f3) over the first offset frequency decade while the CW pump laser

RIN PSD falls with a 20-dB/decade slope (1/f2). The pump laser RIN PSD is measured at a

non-resonant wavelength after the microresonator. The discrepancy between the two slopes

is attributed to environmental noise sources such as free-space-to-chip coupling fluctuations.

For the single-soliton state, the measured RIN is -153.2 dB/Hz at 100 kHz offset with a

corresponding integrated RIN of 0.034% when integrated from 100 Hz to 10 MHz with the

relation RINin =
∫ f2
f1

SRIN(f)df, where f1 and f2 are the lower and upper offset frequency

bounds. The measured RIN of the double-soliton state and the soliton crystal state are -149.8

dB/Hz and -148.6 dB/Hz respectively for a 100 kHz offset. The corresponding integrated

RIN are 0.036% and 0.023% over the same integrated frequency range. The inset of Figure

4.4b shows the electrical noise suppression to facilitate the observation of the dynamical in-

tensity noise of the microcombs by optimizing the incident power of the photodetector from

-7.16 to -4.33 dBm. The insets of Figure 4.4c and 4.4d show the noise degradation of the

double-soliton and soliton crystal microcombs which results from the conversion of phase

fluctuations to intensity fluctuations in the intracavity spectral interference process.
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4.4 Interferometric coherence envelope measurements of soliton

microcomb instantaneous linewidths

Figure 4.5: Near-instantaneous linewidth measurement of the DM-DKS. a, Experimental setup

of the SDLI. FRM: Faraday rotator mirror, AOFS: acoustic optical frequency shifter, LO: local

oscillator, ESA: electrical spectrum analyzer. b, Measured interferometric coherence envelope (ICE)

of the pump laser and mode ν44. Inset: peak detection. c, Measured ICE with different time delays

to show spectral resolution and power dynamic range of the SDLI. d1 to d3, Measured ICE of one

comb line of the single-soliton, double-soliton and soliton crystal states, respectively, with Linewidth

distributions of the different comb lines from 1560 nm to 1570 nm in e1 to e3.

To further elucidate the noise characteristics of the soliton microcombs, here we investi-

gate instantaneous linewidths of the generated individual comb teeth and soliton microcomb

linewidth distributions. We built a short-time delayed linear interferometer (SDLI) based on
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Michelson interferometry with heterodyne detection as shown in Figure 4.5a. This approach

converts the frequency fluctuation Δμm = Δ(fp + mfR) = Δfp(1 + m × ΔfR/Δfp) of the

microcomb lines into the second-peak and second-trough (SPST) power contrast difference

(ΔP) of the coherent interference pattern in the SDLI which can be expressed as [123]:

ΔP = 10 log10 Ppeak – 10 log10 Ptrough

= 10 log10

[
1 +

(
2

n0Δντ

)2]
[1 + exp (–2πn0Δντ)][

1 +
(

3
2n0Δντ

)2]
[1 – exp (–2πn0Δντ)]

(4.1)

where τ is the delay time, n0 is the fiber refractive index, and Δν is the comb mode linewidth.

The power spectrum of the SDLI is the product of the Lorentzian spectrum and the periodic

modulation power spectrum. Figure 4.5b shows the measured interferometric coherence

envelope power spectrum of the pump laser and one of comb lines with mode number μ =

44 away from the pump. Polynomial curve fitting is used to detect the peaks and troughs

of the interference envelope. Figure 4.5c shows the measured and calculated interferometric

envelopes at different time delays to evaluate the spectral resolution and power dynamic

range. The measured linewidth of the pump laser is 1.5 kHz when the time delay is 3.55

μs. The measured interferometric envelopes of the single-soliton, double-soliton, and soliton

crystal states are presented in Figure 4.5d1 to 3d3 overlapped with the calculated envelopes

at the same time delay showing the microcomb linewidths of 2.3 kHz, 3.0 kHz and 2.4 kHz,

respectively. Next, we study the linewidth distribution of microcomb lines over the C-band

from 1560 nm to 1570 nm to examine linewidth multiplication away from the pump in

soliton frequency microcombs. Figure 4.5e shows the linewidth distribution for the different

microcomb dynamical states with pump centered at ≈ 1602 nm and in the range of ≈ 10

nm. A slight increase in linewidth further away from the pump towards shorter wavelengths

is observed in Figure 4.5e2 due to the decrease in the comb line optical power from double-

pulse spectral interference. The linewidth distribution is related to the unbounded timing

jitter of the microcombs. In the soliton crystal state, the linewidth distribution has a larger
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fluctuation which arises from the structured optical spectrum as shown in Figure 4.2e, due

to the signal-to-noise ratio dependence of the measurement.

4.5 Self-heterodyne linear interferometry (SHLI) for soliton mi-

crocomb femtosecond jitter metrology

Figure 4.6: Schematic setup of the self-heterodyne linear interferometer (SHLI). WDM: wavelength

division multiplexer; FS: fiber stretcher; EA: electronic amplifier; BPF: bandpass filter, PS: phase

shifter; PID: proportional-integral-differential controller. Inset: schematic illustration of the self-

heterodyne linear interferometry.

We next examine the timing jitter via a self-heterodyne linear interferometer (SHLI). Fig-

ure 4.6 illustrates the implemented SHLI architecture for precision timing jitter metrology.

The interferometer consists of a reference arm and a time-delayed arm in which a fiber-

coupled acousto-optic modulator (AOM) driven by a RF signal fm allows heterodyne detec-

tion of phase fluctuation power spectral density (PSD, Sφ[dBrad
2/Hz]). A diffractive grating-

based narrowband filter pair selects two microcomb lines at frequencies νn = n× fR + fCEO

and νm = m× fR+ fCEO as illustrated in the inset of Figure 4.6 separated by a (m– n)× fR

frequency difference, where fR is the repetition rate and fCEO is the carrier envelope offset

frequency of the microcombs. Frequency noise Δν(f) of the selected lines is subsequently
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discriminated with delay time τ by the relation Δφ(f) = 2πΔν(f)τ. The optical phase fluctu-

ations Δφ(f) are converted into optical intensity fluctuations by linear optical interferometry.

At the fiber interferometer output, the two optical lines are demodulated by two photode-

tectors. The residual phase noise PSD originates from the frequency difference (m – n)× fR

of the two selected comb lines, proportional to delay time τ. Then, a double-balanced mixer

is used to extract the timing jitter PSD and eliminate the common-mode noise induced

by the carrier envelope offset signal and the driven microwave frequency signal (fm). The

frequency fluctuations of the two selected optical comb lines are converted into voltage fluc-

tuations with the transfer function Δν(f) ∝ Kφ
|1–exp (–i2πfτ)|

|i×f| (m – n)ΔfR(f), where Kφ is the

peak voltage at the double-balanced mixer output. The transfer function shows that the

measured voltage fluctuation is proportional to
|1–exp (–i2πfτ)|

|i×f| , which implies there will be

null points at the offset frequency f = 1/τ and its harmonics, providing the upper Fourier

frequency limit of the timing jitter measurement.

The measured voltage fluctuation PSD is subsequently converted into frequency noise

PSD and further into timing jitter PSD SΔTR
(f) with the relation

SΔTR
(f) =

(
1

2πfR

)2 1

(m – n)2
1

f2

(
|i× f|

Kφ|1 – exp (–i2πfτ)|

)2

The detected voltage fluctuation at the mixer output is separated into two parts. The

first part synchronizes the fiber interferometer to the frequency microcombs, avoiding free

walk via a piezoelectric-transduced fiber stretcher (FS) through a loop filter with 1 kHz

bandwidth. The second part is recorded by a signal source analyzer which gives the timing

fluctuation PSD and the frequency fluctuation PSD of the soliton microcomb repetition

rate. To precisely remove the common-mode noise resulting from dispersion and increase

the interferometer signal-to-noise ratio, we utilize a delay control unit (DCU) which contains

a motorized fiber delay line (MDL) and a pair of wavelength-division multiplexed (WDM)

couplers. This timing-stabilized and dispersion-compensated fiber interferometer can be

considered as a true time delay, which is an optical counterpart of the delay-line frequency

discriminator in microwave metrology.
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Figure 4.7: Repetition rate frequency noise and timing jitter measurement. a1 to a3, Measured

frequency noise PSD at different soliton states with a 49-m stabilized fiber link. The orange

dashed lines with 10 dB/decade slopes indicate repetition rate frequency free-walk induced by

microresonator intracavity power fluctuations. The corresponding repetition rate tone linewidth

integrated from 1 MHz to 10 kHz is denoted with purple curves. b1 to b3, Timing jitter PSD

measurement of the soliton microcombs at different dynamical states with the calculated thermal

noise and quantum noise limits. The corresponding integrated timing jitter is included.

We convert the measured voltage fluctuation PSD on the baseband into the repetition

rate frequency noise SΔfR(f) PSD to examine the frequency noise behavior as shown in

Figure 4.7a1 to a3, and 4b3 of the soliton microcomb at the single-soliton, double-soliton,

and soliton crystal states, respectively. The measured repetition rate frequency noise PSD

are 2,556 mHz2/Hz, 4,151 mHz2/Hz and 4,168 mHz2/Hz respectively at 100 kHz offset with

a noise frequency resolution of 64 mHz/Hz1/2 at the single-soliton microcomb. We observe

that the repetition rate frequency noise features a 20-dB/decade slope below ≈ 20 kHz offset,

indicating the repetition rate random walk frequency noise. Based on the noise power-law,

soliton microcombs have a repetition rate flicker frequency walk from ≈ 20 kHz to 40 kHz

offset, a white frequency noise from ≈ 40 kHz to 200 kHz offset, and a flicker and white phase
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noise from ≈ 200 kHz to 1 MHz. The resulting integrated linewidths of the free-running

repetition rate tone are shown in Figure 4.7a for the three microcomb dynamical states.

Figure 4.7b1 to b3 show the measured timing jitter PSD for the different soliton dynamical

states. For the single-soliton comb, the measured quantum-noise-limited timing jitter PSD is

0.4 as2/Hz at 100 kHz offset. The corresponding integrated timing jitter is 1.7 ± 0.07 fs when

integrated from 10 kHz to 1 MHz as shown in the Figure 4.7b1 which is close to the timing

jitter in silica microresonator frequency microcombs measured with similar technology [107].

The integrated timing jitter from 10 kHz to 44.5 GHz Nyquist is ≈ 32.3 fs. The achieved

femtosecond-level jitter is enabled by close-to-zero intracavity dispersion to minimize group

delay fluctuations, suppressed Kerr nonlinearities within the tapered waveguide [47], and the

thermally stabilized dual-driven approach. Our dispersion-managed microresonator stretches

the soliton pulse within the cavity, effectively reducing the accumulated nonlinear phase shift

during pulse propagation. The quantum-noise-limited timing jitter PSD of the two (double-

soliton and soliton crystal) states at 100 kHz offset are at 0.66 as2/Hz and 0.82 as2/Hz,

respectively. This corresponds to an integrated jitter of 1.9 ± 0.06 fs and 1.8 ± 0.09 fs. The

dynamical noise is observed in the timing jitter PSD of the soliton crystal microcomb at the

offset frequency around 8 MHz. Compared to direct photon detection for timing jitter PSD

measurements [91], the SHLI method can effectively avoid the intensity-noise-to-phase-noise

(IM-PM) conversion and shot-noise limit. The measured timing jitter PSD compares to prior

works [91, 107, 117, 19, 124] as shown in Figure 4.7b1.

For each of the microcomb soliton states, we observe that the timing jitter PSD drops with

a 40-dB/decade slope within 3 to 20 kHz as shown in Figure 4.7b. Deviation of timing jitter

PSD over low Fourier frequency is associated with intracavity power fluctuation leading to

a 1/f4 slope with the relation S
TR
ΔTR

(f) =
(

1
2πfTR

)2
STR

(f) where intracavity power-induced

round-trip fluctuations STR
∝ f–2.

Figure 4.7b also includes theoretical cavity thermal bounds on the timing jitter PSD with

yellow solid lines limiting the measured timing jitter PSD from 20 kHz to 40 kHz with a 25-
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dB/decade slope (1/f2.5), arising from thermorefractive variation. In the DMmicroresonator,

the thermal-noise limited timing jitter PSD, originating from the thermodynamic fluctuations

⟨δT2⟩ = kBT
2/CVρ, where V is the optical mode volume, kB is the Boltzmann constant, T

is the chip temperature, ρ is density, and C is specific heat capacity, is described with the

model [125]:

SΔTR
(f) =

1

(2πfR)
2

(
νc

n0fR

dn

dT

)2 1

f2
kBT

2√
2π4κρCf

1

R
√

d2r – d
2
z

1[
1 + (2πfτd)

3/4
]2 (4.2)

where dn/dT is the thermorefractive coefficient, κ is the thermal coonductivity, R is the

microresonator ring radius, dr(z) =
∫
dr(z)dL/Lcavity is the half-width of the fundamental

mode along the tapered DM microresonator, and τd = π
1/3

41/3
ρC
κ
d2r . From 40 kHz to 600

kHz, the measured PSD falls with a quantum-noise limited 20-dB/decade slope(1/f2). The

theoretical quantum-noise timing jitter limit without shot-noise shown in Figure 4.7b with

orange solid lines follows the model [74]:

SΔTR
(f) =

1

4π
√
2f2R

√
γ

Δ0D

g

γ2

 1

96

γD

δ0

γ
2

f2
+

1

24

(
1 +
π
2f2

γ2

)–1
γ
2

f2
Δ0D

γ

 (4.3)

where gamma is the half linewidth half height of the cavity resonance, g = n2
n0

h̄ω2cc
Vn0

is the

nonlinear gain coefficient, n0(n2) is the refractive index (nonlinear index) of the nitride

resonator, ωc = 2πνc center angular frequency of the microcombs, c is the light speed in

vacuum, D = –
β2ω

2
Rc

γn0
is the normalized dispersion and Δ0 = ω0 – ωP is the resonance-pump

detuning. Above 600 kHz, the measured PSD is limited to 8905 zs2/Hz by the SHLI spectral

resolution.

Based on soliton theory, the quantum-noise-limited timing jitter PSD model, especially

in the high offset frequency more than 10 kHz, can analytically predict noise behaviors for

different mode-locked states via the relation SΔTR
(f) ≈ 0.5294

ζ

(2πf)2
hν
Ep

αtot
TR
τ
2
p [126], where

Ep ≈ 4πhθνc
D1γc

√
2D2Δ0 is the intracavity pulse energy, D1/2/π is the cavity FSR, D2 is re-

lated to cavity GVD, θ is the transmission of the microresonator, γc is the cubic nonlin-

earity parameter, τp ≈ 1
D1

√
D2
2Δ0

is the intracavity pulse duration [110], ζ and αtot are the
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spontaneous emission factor and cavity loss. For the different soliton states, the quantum-

noise-limited timing jitter PSD is inversely proportional to the resonance-pump detuning

and proportional to square root of the cavity dispersion. The soliton microcomb center

frequency fluctuation PSD SΔTR
(f) can also be converted into the timing jitter with the re-

lation SΔTR
(f) ≈

(
D2
fTR

)2
SΔνc(f) where Δνc is the center frequency fluctuations induced by

avoided-mode-crossings [112, 113], odd-order dispersion [115], or Raman effects [52]. In ad-

dition, the intracavity intensity fluctuations will introduce the extra timing jitter PSD with

the relation of SΔTR
(f) = C× (ηPin)

2
(
1
f

)2
SRIN(f) where η = dfR/dPin is the transduction

factor, Pin is the microresonator intracavity power, C is a constant [107, 116].

We note our noise measurements of the frequency microcombs below the offset frequency

of 20 kHz are still higher than the microresonator theoretical thermodynamical limits. This

is attributed to the strong free-running intracavity power fluctuations and pump-resonance

detuning noise. Further active stabilization of the intracavity power and pump-resonance

detuning [106, 113] can improve the timing jitter PSD at the low offset frequency. By

increasing tapered waveguide width (increasing the effective resonant mode volume) and

decreasing the cavity GVD, the jitter of the frequency DM-microcomb oscillator can be

improved to sub-femtosecond timing imprecision.

4.6 Summary

In this study the fundamental noise of dispersion-managed soliton microcombs without a

restoring force are examined in detail. Dispersion-managed microcombs are deterministi-

cally and reliably generated with a TE-TM dual-driven thermally stabilized approach at

the single-soliton, double-soliton, and soliton crystal regimes. The RIN is determined to be

-153.2 dB/Hz at 100 kHz offset for the single-soliton state and its short-term linewidth is

≈ 2.3 kHz at 3.55 μs delay time across the span of the individual comb lines, with both

parameters bounded by the cw pump laser. The timing jitter PSD is 0.4 as2/Hz at 100 kHz
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offset and the corresponding integrated timing jitter is 1.7± 0.07 fs from 10 kHz to 1 MHz.

To the best of our knowledge, we achieved femtosecond timing jitter for the first time in

dispersion-managed microcombs. This performance permits our designed microresonators

to serve as reference clock oscillators. The demonstrated results show the dynamic noise for

the double-soliton and soliton crystal in the RIN PSD is important to understand intracav-

ity soliton dynamics, with the single-soliton state having the lowest jitter, and with slight

but quantifiable variations across the different soliton states. The effective cavity length

fluctuation is the main noise source at low offset frequencies, and it originates from intra-

cavity power fluctuations in the microresonator. In the dispersion-managed microcombs,

we also note the negligible center frequency shift, preventing center-frequency-shift-related

noise conversion processes. Understanding high-order dispersion in the dispersion-managed

microresonators which facilitates additional noise coupling mechanisms could be explored

in future studies. By feedback stabilizing pump laser intracavity power and frequency, the

timing jitter of the dispersion-managed chip-scale soliton oscillator could be further reduced

to sub-femtosecond imprecision.
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CHAPTER 5

Observation of deterministic double DKS generation

5.1 Introduction

Over the past two decades, remarkable breakthroughs have been seen in the chip-scale fre-

quency microcomb studies with ultrahigh-Q microresonators [25, 24, 26, 27, 28, 29, 20], from

table-top demonstrations [9, 127] to small factor integrated platforms [54, 97, 95], thriv-

ing in both fundamental dynamics [127, 62, 52, 15, 128, 129, 112, 130, 116] and various

applications, including spectroscopy [104], optical coherent tomography (OCT) [131, 132],

low noise radio frequency generation [13, 133], frequency synthesis [54], distance ranging

[36, 101], photonic convolution processing [109, 108], and high-speed optical communica-

tion [56, 99, 100]. Among these studies, dissipative Kerr solitons (DKS), which requires

a delicate balance between loss and parametric gain, as well as Kerr nonlinear phase shift

and anomalous dispersion [21], draws the most attention, for their self-referenced broadband

optical frequency comb nature. DKS states include single DKS, multi DKS and soliton

crystal states. Except for single DKS state, which has a sech2 envelope, all the other DKS

states’ optical spectra are just the interference of several soliton pulses circulating around

the cavity. The comb line intensity could be expressed as [20]: I(μ) = |
∑N

j=1 exp(iφjμ)|2.

However, except for perfect soliton crystal state and double DKS states, other multi DKS

states are difficult to identify merely from the spectra. Recently, the lotus-like double DKS

state, due to its interference nature, has found its own application in microwave photonics

area. However, although repeatable double DKS generation is realized, the azimuthal angle

between the two soliton pulses is still stochastic [134].
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Here we experimentally demonstrate a novel method to deterministically generate double

DKS with fixed azimuthal angle assisted by the dual-pump driven scheme in a 88 GHz Si3N4

microresonator. Si3N4 platform is currently the most wildly applied platform due to its

CMOS-compatible fabrication process, large Kerr nonlinearity, broad transparent window,

low Raman nonlinearity and high-power handling capability [21]. However, just like the

other platforms, such as AlGaAs, AlN, Si and SiO2, Si3N4 also suffers from thermal effect,

which makes it difficult to tune the pump laser to the effective red-detuned regime, where

DKS states exist. In order to mitigate the fast thermal effect, power kicking and high-speed

frequency scanning methods are proposed with abrupt change of power or frequency to bypass

the thermal effect. The emergence of dual-pump scheme significantly simply the procedure

to generate single DKS state [135, 136]. With the assist of an auxiliary pump at C band, the

nonlinear thermal effect of Si3N4 is significantly mitigated, hence the once forbidden effective

red-detuned regime could be easily accessed through manually wavelength tuning. Then a

88 GHz single DKS is repeatedly accessed, confirmed by the sech2 optical spectrum shape,

the amplitude noise measurement as well as the autocorrelation measurement. Furthermore,

several double DKS states are demonstrated with different azimuthal angles. Next, we report

a deterministic method to generate double DKS states with fixed azimuthal angle, directly

accessed from single DKS state, with backward detuning. The fine tuning of the azimuthal

angle via wavelength tuning and pump power variation are further investigated. Finally,

the connection between the deterministic coarse dialing of double DKS states with different

angle from 180◦ to 17◦ and the avoided mode crossing (AMX) is established.

5.2 Device characterization

In the experiment, a Si3N4 planar microresonator with 800 nm height is utilized for DKS

generation. The width of the microresonator is tapered from 4 μm to 1 μm, where the light

is coupled out to the bus waveguide. Unlike the common uniform waveguide design, such
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taper design could effectively suppress higher order mode family, averting avoided mode

crossing (AMX) induced by the coupling between different transverse mode families [34].

Furthermore, the taper design could also achieve higher Q factor, as well as offer an extra

degree of freedom to engineer the net dispersion, which are discussed in our previous works

[35]. Figure 5.1 shows the cold cavity transmission of the 88 GHz microresonator. A high

speed SWI is applied to record more than 100 TE00 resonances over the whole C and L

bands, with loaded Q factors higher than 1.5 million. The lower panel plots the FSR of all

the recorded resonances, with retrieved GVD of -7 fs2/mm. The blue dashed box circles out

the AMX originating from the inevitable coupling between TE and TM mode families. A

detailed depiction of the related resonance is in the lower left of the upper panel. Such AMX

is critical in the deterministic double DKS generation, and will be discussed in detail later

in this manuscript.

Figure 5.1: Dispersion characterization. Upper panel depicts the transmission of the tested 88 GHz

Si3N4 microresonator. The inset shows the inevitable TE-TM mode coupling. The lower panel

illustrates the FSRs of the resonances across 65 nm, with fitted anomalous GVD of -7 fs2/mm.

The dashed blue box circles the AMX attributed to the TE-TM mode coupling.
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5.3 88 GHz DKS generation via dual pump scheme

Figure 5.2 demonstrates the schematic setup of the dual-pump driven method for single and

double DKS generation.

Figure 5.2: Schematic setup of dual-pump driven soliton generation. The main pump and the aux-

iliary pumps are launched into the 88 GHz Si3N4 microresonator in counterpropagating directions

and separated via circulators (CIR). Both the main pump and the auxiliary pump are selected at

TE polarization with PBS. The reflection path of the circulator on the auxiliary side is utilized for

optical spectrum, amplitude noise and autocorrelation (A.C.) measurements. The reflection of the

other circulator is used for monitoring the transmission of the auxiliary pump. OSC: oscilloscope;

OSA: optical spectrum analyzer; ESA: electronic spectrum analyzer.

5.3.1 TE-TM dual pump scheme

The dual-pump driven method in our implementation utilizes two external cavity diode lasers

(ECDL), which are amplified by two Er-doped fiber amplifiers (EDFA) and then launched

in to the microresonator in counterpropagating directions. Both pumps are selected in TE
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polarization with polarized beam splitters (PBS), due to anomalous dispersion and higher Q

factor in TE mode. First, the auxiliary pump (ECDLaux) is tuned, from shorter wavelength

to longer wavelength, into a resonance in C band (around 1565 nm in our case), and then

stopped at the effective blue-detuned regime. Then the main pump (ECDLmain) is launched

into a resonance at around 1598 nm in the counterpropagating direction. Since both pumps

are in the same polarization, in order to collect the transmission power of both main and

auxiliary pumps, two high-power circulators are utilized. The reflection port of the left

circulator in Figure 5.2 is used for monitoring the tuning of the auxiliary pump, while the

reflection port of right circulator is split into three paths for optical spectrum, amplitude

noise and autocorrelation measurements.

Figure 5.3 shows the scheme of dual-pump driven method. The upper left is the scenario

that only involves single pump. The detuning between pump laser and the resonance is

usually defined as Δ = ω0 – ωp, where ω0 is the angular frequency of the cold cavity pump

resonance and ωp is the angular frequency of the pump laser. In the presence of thermal

effect, an extra resonance shift introduced to the pump resonance frequency is approximately

proportional to the product of the Q factor of the resonance and the power coupled to the

cavity: ΔT ∝ Q · Pc, where ΔT = ω0 – ω′0 is the thermally induced resonance shift with

the effective resonance frequency ω′0, Q is the quality of the pump resonance, and Pc is the

power coupled into the pump resonance from the pump laser. Then the effective detuning

could be written as: Δeff – ω0 – ωp – ΔT. When only a single pump is forwardly (shorter

wavelength to longer wavelength) tuned into a resonance at the effective blue-detuned regime,

due to the positive thermal-refractive coefficient in Si3N4, the resonance tends to shift to

lower frequency (longer wavelength) as there is more power coupled into the resonance,

and the effective detuning tends to become longer than without thermal effect. However,

when pump laser is in the effective red-detuned regime, where DKS states exist, the pump

resonance shifts to higher frequency (shorter wavelength) in forward tuning, which makes

the effective detuning region much shorter than without thermal effect. Such phenomenon
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Figure 5.3: Principle of the dual-pump driven scheme. The main pump and the auxiliary pump

are launched into the microresonator in the opposite direction. The upper left inset depicts single

pump scheme, in which resonances will shift to shorter wavelengths when the pump is at effective

red-detuned regime. The upper right inset illustrates the dual-pump scheme, in which all the

resonances remain at the same position, when the main pump is tuned in the effective red-detuned

regime, with the auxiliary pump set at the effective blue-detuned regime.

results in the thermal triangle in the pump scanning measurement.

Figure 5.4 upper panel plots the transition of the thermal triangle with the presence of a

single pump. The characteristic step for DKS states is on the hundreds of kilohertz level when

the pump is scanned at a scanning speed of 2.5 THz/s, which makes it extremely difficult to

generate DKS states with manual tuning. In the presence of the auxiliary laser, the thermal

induced resonance shift is dominated by both pump, i.e. ΔT ∝ Qmain ·Pmainc+Qaux ·Pauxc ,

where Qaux is the quality factor of the auxiliary pump resonance, and Pauxc is the power

coupled from the auxiliary pump. Since the auxiliary pump is set at the blue-detuned regime

of the picked resonance, when the main pump is forwardly tuned into the resonance at blue-
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Figure 5.4: Pump power transmission of both pumps in single pump scheme and dual-pump regime.

The upper panel shows that without the auxiliary pump, the soliton characteristic steps only

maintain over tens of kHz. The lower panel illustrates that with the presence of the auxiliary

pump, the soliton characteristic step is significantly extended to several MHz. Both measurements

are implemented with laser scanning speed of 20 nm/s.

detuned regime, Pmainc increases and tends to redshift all the resonances, then the auxiliary

pump is equivalently tuned away from the resonance, hence Pauxc decreases, then ΔT is

mitigated. And when the main pump is forwardly tuned at the red-detuned regime, Pmainc

decreases and all the resonances tend to be blue-shifted, so that the auxiliary pump is equiva-

lently tuned towards the resonance, hence Pauxc increases, then ΔT is mitigated. So that the

resonance will remain unchanged during the main pump tuning, with the appropriate choice

of auxiliary resonance and auxiliary pump power. In a result, the resonances are thermally

stabilized by the auxiliary pump. With the help of the thermal stabilization of the auxiliary

pump and the cross-phase modulation (XPM) between the main and auxiliary pumps, the

increase of effective detuning at the red-detuned regime is retarded, which manifest itself as

a much longer characteristic step of DKS states during the pump transmission measurement
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at the same scanning speed. The lower panel of figure 5.4 shows the corresponding measure-

ment, from which we could see that the characteristic step is at several MHz level, which is

boosted by more than 30 times. Such elongated characteristic step makes manually tuned

DKS states possible.

5.3.2 Single DKS generation

Figure 5.5a is the optical spectrum of a single DKS state with signature sech2 shape. The low

noise state is confirmed with amplitude noise measurement up to 1 GHz, which is shown in the

upper left inset. Furthermore, we implemented a non-colinear autocorrelation measurement

on the single DKS state, shown in figure 5.5b. Although the fiber link is not optimized for

zero link dispersion, the single pulse waveform with 11.28-ps period further confirms a 88

GHz single DKS generation.

Figure 5.5: Typical single DKS. a, Single DKS optical spectrum. The upper left inset is the

amplitude noise measurement (blue curve) of the DKS state compared with the detector background

noise (gray curve). b, A.C. of the single DKS state. The 11.28 ps period proves the 88 GHz single

pulse generation.

5.3.3 Double DKS generation with stochastic azimuthal angles

Figure 5.6a shows a typical double DKS state with distinguishable interference pattern.

Through A.C. measurement shown in figure 5.6b, the time interval between the two solitons
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Figure 5.6: Typical double DKS. a, A double DKS state with azimuthal angle of 30°. b, A.C.

measurement of the double DKS state in a. The 0.98-ps spacing between the peaks illustrates the

30◦ separation of the two pulses.

in the double DKS state is 0.98 ps. The retrieved azimuthal angle with respect to the 11.28-

ps period is 30◦. Figure 2(e) shows a unique double DKS state with azimuthal angle of 180◦.

The exact π phase difference results in a double FSR comb spectrum. Figure 2(f) shows

another double DKS state with azimuthal angle of 21◦, which has significantly wider lobe

size than the 30◦ case. In the evolution process from multi DKS states to single DKS state,

the pulses circulating along the microcavity diminish consecutively. Hence, theoretically a

double DKS state could always be achieved in each comb evolution. However, the detuning

range for each DKS state could vary in each evolution, consequently, the double DKS state

cannot be generated in every trial. Furthermore, since the position of the pulses in the cavity

is regulated by the modulated background due to the interference between the pump and

the AMX, the azimuthal angle of the double DKS state is also stochastic [134].

5.4 Double DKS generation with deterministic azimuthal angles

In the presence of the auxiliary pump, bi-directional switching could be realized, similar to

the photo-refractive effect in LiNbO3 platform. Unlike previous work [137] in which backward

tuning causes pulse number changing from higher number to lower number, the thermal

stabilization via auxiliary pump could realize not only soliton burst [135], but also realize
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Figure 5.7: More double DKS examples. a, Typical double DKS state with azimuthal angle of

180◦. Due to the π phase shift between the two pulses, the interference results in a double-FSR

comb spectrum. b, A double DKS state with azimuthal angle of 21◦. As the azimuthal angle

decreases, the interference envelope would have a wider lobe width, which is a good indicator to

roughly compare the azimuthal angle.

ascending switch of soliton numbers. Here in our work, we did not focus on soliton burst

but we focused on the DKS state switching from single DKS state during backward tuning.

Particularly, we found out that once the single DKS state is achieved, if one slowly tunes the

main pump wavelength backwardly, the comb will always arrive at a double DKS state with

the same azimuthal angle in a deterministic fashion, when the pump power and resonance

are not changed. Since the double DKS states have recognizable modulated pattern due to

the interference between the two soliton pulses, it is rather easy to retrieve the azimuthal

angle from fitting. Hence, all the azimuthal angle information hereafter are retrieved from

the spectral fitting of the double DKS state.

In the experiment, we notice that the main and auxiliary pump intensities need to be

carefully chosen to achieve single DKS to double DKS switching. In our experimental scheme,

the auxiliary pump is set at 27 dBm, and only when the main pump power is between 23

dBm and 25 dBm, could the deterministic double DKS generation be realized. Although

the azimuthal angle between the two solitons in the double DKS state is fixed via backward

tuning, it could still be slightly tuned through forward tuning.
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5.4.1 Azimuthal angle control via pump wavelength detuning

Figure 5.8: Azimuthal angle of double DKS tuning through pump wavelength tuning. a-c, The

azimuthal angle between the two DKS pulses tends to decrease as forward wavelength tuning.

Through finely and slowly tuning of the wavelength, the azimuthal angle is deterministically con-

trolled over 4◦.

Figure 5.8(a-c) shows the experimental results for the azimuthal angle tuning through

forward tuning. First, The comb is manually tuned into a single DKS state, then a slow

manual backward tuning is applied to the main pump until a double DKS state with az-

imuthal angle of 21◦ is achieved. Next, the main pump wavelength is slowly tuned forwardly,

until a single DKS state is arrived again. During the process, A double DKS state with az-

imuthal angle of 18◦ and 17◦ are captured through an OSA, consecutively. However, since

the forward tuning is applied manually and the OSA has a relatively slow capture time, a

continuous variation of the azimuthal angle is not recorded, nor the smallest azimuthal angle

is observed. This could be explained through the modulated background from the AMX. As

mentioned previously, the pulse azimuthal position is regulated by the modulation on the
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CW background introduced by the AMX. The time period of the modulated background

is directly related to the frequency difference between the pump resonance and the maxi-

mum mode shift resonance. The larger the frequency difference, the shorter time period.

Hence, during the forward tuning, as the frequency difference is increasing, the time inter-

val of two adjacent potential well that could trap the soliton pulses gets closer. Therefore,

the azimuthal angle in the double DKS state shows a descending trend along with forward

tuning.

5.4.2 Azimutal angle control via pump power

Figure 5.9: Azimuthal angle of double DKS tuning through pump wavelength tuning. a-c, The

azimuthal angle between the two DKS pulses tends to decrease as forward wavelength tuning.

Through finely and slowly tuning of the wavelength, the azimuthal angle is deterministically con-

trolled over 4◦.

Similarly, Once the deterministic double DKS is realized, by changing the main pump

power, the azimuthal angle could also be tuned slightly. Figure 5.9(a-c) plot the correspond-
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ing measurement results. In the similar auxiliary pump scheme, the main pump is set at

24.5 dBm. In the same procedure, a double DKS state with azimuthal angle of 16.5◦. When

the main pump power is decreased to 24 dBm, the azimuthal angle is then increased to

16.7◦. Figure 5.9c shows that when the main pump is set at 23 dBm, the azimuthal angle is

further increased to 17.2◦. The azimuthal angle has an ascending trend as the pump power

decreases.

5.4.3 Investigation in azimuthal angle with AMX

Figure 5.10: Dint vs mode number. The maximum AMX is located 11 FSR away from the pump

mode (mode 0).

Next, we investigated the relationship between the deterministic azimuthal angle and

the pump position with respect to the maximum mode shift induced by AMX. Figure 5.10

depicts the accumulative dispersion Dint vs mode numbers. The abrupt change is induced by

AMX. Here we define the pump mode is mode 0, and the mode number where the maximum

mode shift happens as N. In figure 5.10, N = 11, which means that the pump mode is 11-

FSR away from the maximum mode shift induced by AMX. Figure 5.11a plots the optical

spectrum of the double DKS state pumped at N = 11, generated via the backward tuning

procedure. The azimuthal angle is 17.14◦ in a deterministic fashion. The angle is retrieved

from spectral fitting, as previously mentioned. The fitting curve is plotted in red line on top

of the optical spectrum. Figure 5.11b plots the deterministically generated double DKS state

with azimuthal angle of 17.14◦ when N = 10. Figure 5.11(c-i) plots the double DKS states
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Figure 5.11: Optical spectra of different double DKS states pumped at different resonances with

respect to the maximum AMX position. 11-FSR to 2-FSR cases show typical double DKS inter-

ference envelope, from which the azimuthal angles are fitted from the interference patterns. In the

1-FSR case, the optical spectrum shows a double FSR comb, indicating a 180◦ azimuthal angle.

when N = 9, 6, 5, 4, 3, 2 and 1. The azimuthal angles are 16.24◦, 33◦, 32.5◦, 46.75◦, 62.4◦,

63◦ and 180◦, respectively. Since the azimuthal angle in figure 5.11i is 180◦, leading to a

double-FSR comb spectrum, spectral fitting is not necessary, hence not plotted. Figure 5.12

summarizes the azimuthal angle for double DKS state generated at different pump mode.

Due to unknown reasons, there are no deterministic double DKS generation at pump mode

7 and 8. For the other cases, double DKS states are generated as expected. Overall, the

azimuthal angle shows a descending trend as the pump mode is away from the resonance with

maximum mode shift, which matches with our prediction, shown in red curve. The prediction

is based on single AMX point using two parameters model, however, in real implementation,
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Figure 5.12: Summary of the azimuthal angles in different pump position cases. The result shows

clear descending trend of the azimuthal angle with respect to increasing pump-AMX spacing.

the auxiliary pump will also contribute to the modulation of the CW background, leading to

a more complex background field. This could account for the deviation of the measurement

from the prediction.

5.5 Summary

In conclusion, through a TE-TE dual-pump driven method, we demonstrate a novel scheme

to deterministically generate double DKS state with fixed azimuthal angle in a 88 GHz

Si3N4 microresonator. Assisted by an auxiliary pump at C band, the thermal nonlinearity

is significantly mitigated. Hence, the characteristic steps for DKS states are elongated,

so that single soliton state could be repeatedly generated manually, which is difficult to

achieve with single pump in our Si3N4 platform previously. Although no soliton burst

is demonstrated in this work, we successfully observed bi-direction switching, in which the

soliton number decreases in forward tuning while increases in backward tuning. Particularly,

we demonstrated double DKS state generation through backward tuning from a single DKS

state. Although similar phenomenon has been mentioned in a recent publish paper [136]

during the preparation of this manuscript, to our best knowledge, we for the first time focus

on the double DKS state’s azimuthal angle control and establish a bridge between AMX
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and the azimuthal angle. In the backward tuning from a single DKS state, the comb always

arrives at a double DKS state with deterministic azimuthal angle, when pumped at the

same resonance. However, once the double DKS is generated, the azimuthal angle could be

fine tuned through forward tuning or pump power control. The azimuthal angle tends to

decrease in forward tuning and increase when the pump power decreases. Furthermore, we

demonstrated that the deterministic azimuthal angle is directly related to the modulated CW

background induced by AMX. Therefore, by choosing different pump resonance with respect

to the maximum mode shift that originates from AMX, we successfully dial the azimuthal

angle from 180◦ to 17◦. We believe that with appropriate control of the AMX, such as the

method demonstrated in [138], the azimuthal angle could be further manipulated. This study

not only enriches the understanding of DKS dynamics in dual-pump driven scheme, but also

offer more versatility of the double DKS state in the application of microwave photonics,

such as microcomb based reconfigurable RF filters [134].
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CHAPTER 6

Stimulated generation of deterministic platicon

frequency microcombs

6.1 Introduction

Over the past two decades, remarkable breakthroughs have been seen in the chip-scale fre-

quency microcomb [5] studies with ultrahigh-Q microresonators [26, 25, 24, 27, 28, 29, 20],

from table-top demonstrations [127, 9] to small factor integrated platforms [54, 97, 95],

thriving in both fundamental dynamics [127, 62, 52, 15, 128, 129, 112, 130, 116] and various

applications, including spectroscopy [104], optical coherent tomography (OCT) [131, 132],

low noise radio frequency generation [13, 133], frequency synthesis [54], distance ranging

[36, 101] and high-speed optical communication [56, 99, 100]. Most of these works are based

on dissipative Kerr solitons (DKS) in anomalous GVD microresonators for self-referenced

broadband optical frequency combs, which requires a delicate balance between loss and

gain, as well as nonlinear phase and dispersion [21], and could limit the pulse energy if

an ultrashort pulse and broadband spectrum are desired simultaneously. Since the mate-

rial GVD of most platforms are normal in visible and near-infrared frequency range, the

cavities are often engineered to achieve anomalous dispersion in pump resonances across

a broad range [15, 139, 140]. Among these platforms, silicon nitride outstands due to its

CMOS-compatible fabrication process, large Kerr nonlinearity, broad transparent window,

low Raman nonlinearity and high-power handling capability [21]. The engineering of sili-

con nitride is commonly based on thick-nitride (> 600 nm) waveguide that supports multi
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transverse modes to achieve anomalous dispersion while maintaining high quality factors for

low threshold frequency microcomb generation [95, 141]. However, the inevitable coupling

between different transverse mode families characteristically modulates the amplitude of the

frequency microcomb spectrum and could detrimentally destabilize the dissipative Kerr soli-

ton formation [27, 33]. Tapered waveguide is then proposed to achieve anomalous GVD and

single mode operation simultaneously [34, 142], however, the operation for DKS remains

non-trivial [95, 137, 135] with complex intracavity dynamics [129, 110, 112]. Furthermore,

the ultralow loss thick-nitride waveguide fabrication needs special treatment [143], which

is not offered in current commercial Si3N4 foundry process. Consequently, the adoption

of DKS in standard PIC architectures through commercial foundries is still not possible

[144]. Compared to the state-of-art ultralow-loss thick-nitride Si3N4 microresonator with

30-million Q [145], recent demonstration of ultra-thin silicon nitride microresonators have

achieved 260-million Q with comparable free spectral range (FSR) [98], which significantly

decreases the comb generation threshold. However, anomalous dispersion is forbidden in

such scheme. Consequently, the study of novel methods to enhance normal dispersion fre-

quency microcomb generation can simplify the microresonator frequency comb architecture

and extend its operation into other frequency ranges.

Frequency microcomb generation in the normal GVD regime has recently been exam-

ined both theoretically and experimentally in a variety of platforms including crystalline

resonators and integrated microresonators [15, 17, 146, 60, 147], as well as been demon-

strated in many applications [99, 148, 149]. Its formation and nonlinear dynamics usually

require shifted pump mode resonances [150], which can be achieved by avoided mode crossing

caused by mode coupling between different mode families [30] or coupling between adjacent

microresonators [151, 138], or self-injection locking [144, 152] to provide local anomalous

dispersion [147, 27]. Among these prior studies, solitonic bright pulse with unique flat-top

square pulse shape – or the platicon – has increasingly drawn attention in numerical studies

[150, 153, 154]. These theoretical modeling studies on the platicon have shown its pulsewidth
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can be continuously controlled in a broad range via the pump-resonance detuning (and hence

the intracavity energy and nonlinear parametric gain). In addition, the conversion efficiency

of pump power into comb power can be potentially higher in the platicon comb than in

solitons, for the same GVD value [150]. Benefiting from its optical spectra’s sharp edge and

flat top features, the platicon can help increase the signal processing capabilities in opti-

cal domain for high-speed communication [155, 156, 157], with other applications in pulse

shaping and amplification, nonlinear optical imaging, and production of high-brightness elec-

tron beams [158]. Although experimental demonstration of platicon frequency microcombs

via self-injection locking has been recently demonstrated via self-injection locking [144] and

pulse-pumping [159], the platicon generation via intensity-modulated pump [160], to the best

of our knowledge, has not been demonstrated yet.

Here we experimentally demonstrate the generation of platicon frequency microcomb

and its operating parameters in a chip-scale Si3N4 microresonator with normal dispersion,

as a complimentary follow-up work of our previous demonstration [161]. Via an intensity-

modulated pump [160], a platicon generation approach is demonstrated such that sophisti-

cated schemes for introducing pump mode shift or self-injection locking could be avoided.

A platicon frequency comb with 80 nm span (60 dB) and clean comb spacing beat note is

achieved. The platicon has a flattop pulse duration deterministically tunable from 2 to 17

ps, observed and confirmed through optical spectra, intensity autocorrelation and dual-comb

cross-correlation measurements. Controls of the frequency comb optical spectrum through

TOD, pump-resonance detuning, and modulation frequency are studied and characterized.

6.2 Stimulated generation of deterministic platicon frequency mi-

crocombs: theorectical study

To understand and predict the nonlinear dynamics, we first start with a modified form of

LLE which has an intensity-modulated external pump to numerically model the platicon
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generation:
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where TR is the round-trip time, A(t, τ) is the envelope function of the platicon, t is the

slow time corresponding to the evolution time over round trips, τ is the fast time describing

the temporal structure of the wave, AP is the external pump, αp is the propagation loss, αc

is the coupling loss, and δ is the pump-resonance detuning, where ωc and ωp are the cavity

resonance frequency and pump frequency, respectively. βk describes the dispersion coefficient

(β2 > 0 indicates normal GVD and β2 < 0 indicates anomalous GVD), and we only consider

second and third order dispersion in this case. γ = n2ω0
cAeff

is the Kerr nonlinearity, in which

n2 is the nonlinear refractive index and Aeff is the effective modal area of the pumping

transverse mode. In our modified LLE, we assign Ap =

√
P
{
1 +Msin

[
2πt
TR

(
Δ

ωFSR + 1
)]}

to describe the intensity-modulated external pump, where P is the pump power without

modulation, M is the modulation depth (0 ≤ M ≤ 1), Δ = ωM – ωFSR is the deviation

between the modulation frequency ωM and the ωFSR = 2π
TR

of the pumped cavity resonance.

The simulation starts from vacuum noise and is run for 1.5×105 roundtrips until the solution

reaches steady-state. The simulation is based on our FSR of 19 GHz with normal GVD of

+55 fs2/mm and negative TOD of -948 fs3/mm.

The formation of platicon with intensity-modulated pump can be explained by wave-

breaking theory [162, 163, 164][67–69] as detailed below. Figure 6.1a shows the 2D evolution

map of platicon temporal profile against the non-dimensional cavity resonance detuning δ,

with four snapshots of the 2D illustrated in Figure 6.1b. Figure 6.1b1 (δ = -0.1) shows the

sinusoidal envelope of the modulated pump input seeding the wave-breaking dynamics. Re-

sulting from self-phase modulation, the pump ahead and behind the modulation minimum

respectively experiences an instantaneous frequency up-shift and down-shift. In a normal

GVD microresonator, such difference in the frequency shift leads to deceleration and accel-
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Figure 6.1: LLE modelling of platicon generation with intensity modulated pump. a, 2D evolution

map of platicon temporal profile as a function of intracavity fast time and detuning. Four character-

istic stages are selected to show the details of the evolution in panel b. b, Upper panels: temporal

profiles of the platicon at different evolution stages, lower panels: frequency spectra correspond-

ing each state. b1: sinusoidal input (seeding); b2: initialization of wave-breaking. Self-steepening

shows that wave breaking is about to happen; b3: post-wave-breaking. Wave breaking happens,

and a broad square pulse is generated; b4: a shorter narrow platicon is generated for increasing red

detuning such as at δ = +0.2531.

eration of the pump ahead and behind the modulation minimum. Consequently, evolution

of the initially sinusoidal envelope would be directed outward around modulation maxima

and inward around modulation minima, leading to self-steepening around modulation min-

ima [164], such as shown in Figure 6.1b2 (δ = +0.0334). The wave is thus compressed and

four-wave mixing (FWM) of the front of the pulse further broadens the comb spectrum,

wherein the wave-breaking initialization occurs. This subsequently results in a bright and

wide square pulse generation (pulse maxima spanning over a longer timescale), as shown in

Figure 6.1b3 (δ = +0.0598). With further red detuning (δ = +0.2531), the bright square

pulse duration decreases down to 17 ps as shown in Figure 6.1b4. Thus, after occurrence of

the wave-breaking, the platicon pulsewidth shortens with increasing pump-cavity resonance

red detuning while the peak intensity of the pulse increases as well.

73



Figure 6.2: Simulated autocorrelation of the square pulse shown in Figure 1b4. The width of the

triangle is about twice of the width of the square pulse.

The corresponding simulated frequency comb spectra are shown in the lower row of each

intermediate states. We note that, in the platicon state, the comb lines have a somewhat flat

plateau away from the pump wavelength with roughly uniform intensities, before gradually

decreasing to the noise floor. In our numerical modeling plots, the y-axis range is chosen

such that it is comparable to the experimental dynamic range in our OSA. We put a 17-

ps simulated platicon for better illustration of the square shape characteristics, however,

the pulsewidth is theoretically controllable from tens of ps to sub-ps level, by varying the

detuning. Since the 17 ps pulse has a square temporal structure, its computed autocorrelation

is triangular as shown in Figure 6.2, with the bottom width of the triangle twice that of the

platicon square pulsewidth. The triangular structure in the autocorrelation helps distinguish

if a platicon is generated in time-domain.

6.3 Stimulated generation of deterministic platicon frequency mi-

crocombs: experimental investigation

6.3.1 Device characterization

In the experiments, we utilize a 19 GHz single-mode Si3N4 microresonator with Q factor

of 1.2 million, and symmetrically top-bottom cladded with SiO2. Through high-resolution
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Figure 6.3: Schematic setup of platicon generation with intensity-modulated pump. The cw laser

from the ECDL is first modulated by an EOM, and the modulation frequency is chosen to match

the single FSR (≈ 19.547 GHz). After amplification by an EDFA, the modulated pump is launched

into the single mode microresonator, and the pump frequency is slowly red-tuned to generate the

platicon. A polarization controller (PC) and a polarized beam splitter (not shown in the diagram)

are utilized to optimize the intensity of TM polarization for TM mode operation. A 20-GHz high-

speed photodetector (PD) is used to measure the amplitude and phase noises. An OSA is used to

map the platicon spectrum. Then the time domain dynamics is examined by both auto-correlation

(AC) and dual-comb cross-correlation (XC). The actual single mode microresonator is shown in

the middle micrograph, whose straight waveguide is tapered from 2.5 μm to 1 μm to maintain high

quality factor. The curved regions are 1 μm in width to maintain our single-mode frequency comb

operation. Scale bar: 200 μm.

coherent SWI [48], the GVD is measured to be normal at 55 ± 2.5 fs2/mm with TOD of

-948 fs3/mm, shown in Figure 6.4 . Figure 6.3 subsequently shows the schematic setup for

our measurements: the pump from a tunable external cavity diode laser (ECDL) is sent into

an electro-optical modulator (EOM) with 20-GHz bandwidth. The modulation frequency,

provided by a local oscillator (LO), is set at 19.548 GHz to closely match the single FSR

of the microresonator at pump wavelength, and the modulation depth is set so that the

sideband intensity is about 3 dB lower than the pump. After amplification by an erbium-

doped fiber amplifier (EDFA), the polarization of the modulated is carefully controlled by a

fiber polarization controller (PC) and a polarized beam splitter to maximize the intensity of

the pump projected into the TM mode. Then the modulated pump with an on-chip power
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up to 1.4 W is launched into the microresonator. The output is collected by optical and

electronic spectrum analyzers to measure the optical spectra, amplitude noises and radio

frequency beat notes, respectively. Intensity autocorrelation (A.C.) and dual-comb cross-

correlation (X.C.) measurements are conducted to analyze the time-domain performance of

the platicon frequency comb.

Figure 6.4: Dispersion characterization of the 19 GHz tapered microresonator. The fitted GVD is

positive at 55 fs2/mm, and the fitted TOD is negative at -948 fs3/mm.

6.3.2 Evolution of the platicon frequency comb

We first experimentally study the evolution of the platicon frequency comb, with modulation

frequency set at 19.548 GHz to be very close to single FSR. We red-tune the pump frequency

in steps of 5 MHz to generate the platicon. The GVD and TOD measurement of the selected

microresonator is shown in Figure 6.5a right inset. Figure 2a shows the triangular pump

power transmission versus different pump-resonance detuning. States 1 (red) and 4 (black)

are before and after the platicon generation, with their reference optical spectra (solely from

the modulated pump) shown in the left inset of Figure 6.5a. The center pump is about

3 dB higher in power than the first sideband pair. As the pump laser is frequency tuned

into the cavity resonance, the platicon frequency comb starts to evolve. At the beginning,

cascaded FWM of the modulated pump leads to a weak growth of higher-order sidebands

with characteristic rapid power decay for increasing mode numbers away from the pump.

This is illustrated in the green curve of Figure 6.5b. With further tuning into the cavity
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Figure 6.5: Dynamic detuning evolution and spectra of a modulated-pump platicon frequency

comb. a, Pump transmission vs. detuning. The comb evolves to its critical point at state 3 (blue).

Left inset: optical spectra of states 1 (red) & 4 (black), in which there are only modulated pump

spectra. The first pair of sidebands are about 3 dB lower than main pump. Right inset: FSR

measurement of the microresonator. b, Comb spectra at state 2 & 3. The comb just starts to

evolve due to spontaneous FWM at state 2 (green curve) and the spectrum shape is more like a

triangle other than the frequency spectrum of a platicon. At state 3, the frequency comb spectrum

(blue curve) is at the critical point, spanning 80 nm. The shape coincides with the simulation,

shown in the upper left inset. The upper right inset is comb spectrum simulation with positive

TOD, as comparison. A typical single soliton comb spectrum envelope is included in dash pink

line, indicating that platicon has higher comb line power at wavelength away from the pump.
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resonance, the comb spectrum is dramatically broadened as shown in the blue curve of Figure

6.5b. The platicon spectrum shows the signature characteristic plateau and supported by

our wave-breaking modeling shown earlier in Figure 6.1b. A typical single soliton spectrum

envelope, clearly distinct from platicon is also included in Figure 6.5b as a light orange dashed

line, which indicates that platicon could achieve higher comb line power at wavelengths away

from the pump. The widest platicon comb spectrum generated by a single modulated pump

is observed at the critical point of state 3, spanning over 80 nm and matches our numerical

modelled estimate of 82 nm (left inset of Figure 6.5b). Subsequently, with further increase

of the pump wavelength, the platicon comb is lost and the spectrum drops back to the

modulated pump line, as shown earlier in state 4.

6.3.3 Investigation in modulation frequency mismatch Δ

To elucidate the underlying physics of the platicon formation, we next examined the impact

of Δ on the platicon frequency comb spectrum. This is shown in Figures 3a to 3c (modeling)

and Figures 3d to 3f (measurements). The platicon generation has certain tolerance on

the value of Δ, effectively controlling the spectral symmetry and intensity distribution of

the comb lines. We consider the modelled platicon spectral characteristics prior to the

measurements and for the three cases of zero TOD, negative TOD and positive TOD. In

the first and conceptual case of zero TOD, our modified LLE modeling shows that Δ will

affect the comb line distribution, hence the symmetry of the comb spectra. Since the comb

spectrum is perfectly symmetric at Δ = 0, the impacts of Δ on the comb line distribution

is symmetrical around the zero point. (details in Appendix B.3). We then examine the

case of negative TOD at -1,000 fs3/mm, matching our microresonator measurements (-948

fs3/mm shown in Figure 6.4) and dispersion modelling (detailed in Appendix A.2.2). When

Δ is negative, the spanning of comb spectrum on the left-hand side is significantly extended,

hence more comb lines are generated on the shorter wavelength side since the modulation

frequency better matches the higher frequency FSR (shorter wavelength) due to positive
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GVD. This is shown in Figure 6.6a, for the case of Δ = -1,000 kHz. The comb span on the

shorter wavelength side is almost 45-nm wider than the longer wavelength side, resulting in

the platicon spectral asymmetry and more towards the blue-side.

Figure 6.6b shows that, when Δ = 0 kHz, the platicon comb is restored to a symmetric

spectrum, spanning 80 nm. This arises because Δ balances out the effect of negative TOD.

In Figure 6.6c, when Δ = 1,000 kHz, we see that the comb shape is asymmetric in an

opposite manner (red-weighted) and has a distinctly narrower comb compared to the former

two cases. This is due to the Δ and negative TOD both contributing to decreasing the phase

matching bandwidth of the FWM. We note that, in each of the three Δ cases (Figure 6.6a

to 6.6c), the general feature of the temporal square pulse is still captured in our simulations.

Furthermore, we detailed the cases of zero and positive TOD, along with different Δ, in

Appendix B.3, wherein the phenomenon is inverted and the platicon spectral asymmetry is

at the opposite frequencies.Here, we use skewness from statistics for reference to describe the

symmetry of platicon comb spectra (detailed in Appendix B.3). Figure 6.6g summarizes the

skewness of the platicon comb spectra in both simulation and experiments. The experimental

data points match well with the simulation curve.

Figures 6.6d to 6.6f show our platicon measurements for three different modulation fre-

quencies with Δ of -1,000 kHz, 0 kHz and 1,000 kHz. The general structure of the comb

matches the numerical predictions remarkably. In Figure 6.6d (Δ ≈ -1,000 kHz) we observe

the blue-weighted platicon comb spectrum; in Figure 6.6e the symmetric comb spectra is

observed. In Figure 6.6f (Δ ≈ 1,000 kHz), the red-weighted platicon is achieved. We note

that with a 2 MHz change in the modulation frequency, the platicon comb span is tuned

by 20 nm and with a controllable blue-red weightage distribution of the platicon frequency

comb. We also note that the modulation frequency should not deviate too much from the

single FSR, otherwise, the broadband platicon comb is no longer observable.
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Figure 6.6: Deterministic platicon comb formation controlled by the sideband modulation frequency.

a-c, Simulated frequency comb spectra with different modulation frequencies under a TOD of -1,000

fs3/mm. a: Δ = -1000 kHz, b: Δ = 0 kHz, c: Δ = 1000 kHz. (d)-(f) Experimental frequency

comb spectra with different modulation frequencies. d: 19.547 GHz (Δ ≈ -1000 kHz), e: 19.548

GHz (Δ ≈ 0 kHz), f: 19.549 GHz (Δ ≈ 1000 kHz). All comb spectra span around 80 nm. (g)

Comb skewness versus sideband modulation frequency Δ.
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Figure 6.7: Heterodyne beat note of the platicon frequency microcomb at different modulation

frequency. The x-axis is the offset frequency with respect to the FSR of pump mode. A 60-dB SNR

is observed for each case. The RBW is 1 kHz.

6.3.4 Stability and time-domain characteristics analysis

Next we examine the stability of the platicon comb and its time-domain characteristic of

the platicon at stage 3. It is worth mentioning that since the comb spacing is intrinsically

locked to the modulation frequency and there are no sub-comb families, the amplitude noise

remains intrinsically low, and the electrical beat note remains clean with high signal-to-

noise-ratio (SNR) throughout the whole evolution. Figure 6.7 shows the measured power

spectral density of the comb spacing beat note with a resolution bandwidth (RBW) of 1

kHz, centered at the ≈ 19.548 GHz modulation frequency. No other frequency components

are observed. Differing from traditional dissipative Kerr solitons, the platicon is naturally

mode-locked, avoiding modulation instability and high noise chaotic comb states. Figure 6.8

subsequently shows the platicon phase noise compared to the LO reference: at lower offset

frequencies such as below 1 MHz, the platicon comb phase noise follows almost exactly the

LO, with the platicon slightly worse than the LO in the flicker frequency (1/f3) region below

180 Hz. This behaviour is similar to self-injection locking, where the noise performance of

the optical microresonator follows the LO. However, starting from ≈ 1 MHz in our case, the
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Figure 6.8: Phase noise measurements of the LO and platicon comb. The phase noise of platicon

comb almost exactly follows the phase noise of the LO in the low frequency range, except in the

1/f3 range, the platicon is slightly better. But starting from 1 MHz, the platicon comb outperforms

the LO, and suppresses the phase noise by up to 3 dB.

platicon comb surpasses the phase noise character of the reference LO by up to 3 dB. Since

this offset frequency is much lower than the cavity resonance linewidth (≈ 157 MHz), this

phase noise suppression should not be from the filtering effect of the resonator, but rather a

phase noise low-pass filtering effect of the frequency comb, similar to [124]. The 60-dB SNR

of the platicon beat note suggests that the frequency comb is phase-locked and potentially

mode-locked. To verify the mode-locking, we next examine the intensity autocorrelation of

the platicon. For a square pulse, the time-domain autocorrelation is triangular in structure.

The measured autocorrelation of in Figure 6.9 shows a triangular shape with bottom width

of 34 ps, indicating that a bright square pulse of 17 ps. Since this is a wide pulse, we

implemented a dual-comb cross-correlation to depict the pulse shape. Sampled over 100

pulses, the dual-comb cross-correlated pulsewidth τa is gauged to be around 17 ps, and the

repetition period (τa+ τb) is observed to be 51 ps. And further detailed in Appendix A.3.5.
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Figure 6.9: Time-domain characterization of platicon. a, Time-domain autocorrelation of the

platicon comb. The bottom width of 34 ps of the triangle shape indicates a square bright pulse of

17 ps. b, Cross-correlation of the platicon pulse frequency comb. A 17 ps square bright pulse is

directly observed.

6.3.5 Extended access to platicon frequency microcomb

As previously mentioned, the pulsewidth of the platicon square pulse can be controlled by

varying the pump-resonance detuning. Nonlinear thermal effect of the microresonator, how-

ever, introduces thermal bistable dragging when sweeping the pump across the resonance

– this hinders us from accessing the effective red detuning side of the resonance, where

narrower square pulses can exist. Hence we implemented an auxiliary-laser-assisted ther-

mal stabilization method [135][41] to overcome the thermal bistable dragging. Narrower

deterministically-tuned pulsewidths are successfully achieved.

Figures 6.10a and 6.10b show the frequency comb spectra with pulsewidths of ≈ 4 ps and

≈ 2 ps respectively. Due to the limitation of our cross-correlation implementation (details in

Appendix A.3.5), it is not suitable to directly measure the pulse widths of such narrow pulses,

however, one can still roughly retrieve the pulsewidth through the unique frequency spectrum

of the narrow square pulse, i.e. the two first-minima spacing. The strong modulation of the

comb spectrum arises from the Fourier nature of square pulse, which manifests itself as a

sinc function in the frequency domain. The size of the main dome (first-minima spacing

and bounded by the two vertical dashed blue lines as shown) uniquely corresponds to the
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Figure 6.10: Extended access to platicon frequency microcomb. a, Comb spectrum of a 4-ps platicon

square pulse. The spacing between the two first-minima is about 0.54 THz. The experimental

measurement matches well with simulation platicon comb spectrum (red curve). The inset is the

time-domain square pulse simulation corresponding to the red curve, which proves a 4-ps square

pulse generation. b, Comb spectrum of a 2-ps platicon square pulse. The simulation of both

frequency- and time-domain shows a 2-ps square pulse generation. Left inset is the time-domain

profile. Right inset is a summary of the platicon pulsewidths versus δ, which indicates that narrow

pulsewidth down to hundreds of fs could be achieved.

pulsewidth τa. Figure 6.10a shows a 0.54-THz spacing, which corresponds to a 4-ps square

platicon. The frequency domain simulation (red envelope) matches the measurement almost

exactly, which bridges the comb spectrum measurement to the corresponding time-domain

simulation (inset figure). Figure 6.10b shows another achieved dual-pumped comb state with

a 1.05-THz dome size, a Fourier shape that corresponds to the generation of a 2-ps square

platicon. As previously discussed, the platicon pulse τa could be continuously changed by

changing the detuning between the pump frequency and the resonance frequency. The inset

of figure 6.10b shows the simulation of the pulse width vs. the detuning below 10 ps. The
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narrowest pulse width achievable with current simulation parameters is 0.6155 ps. The inset

figure shows that the pulse width becomes more sensitive to the detuning as the pulse width

gets narrower. However, in the experiment, due to the frequency tuning resolution limit and

the stability limit of the pump laser as well as the limit of the OSA acquisition time, 2-ps

pulsewidth is the narrowest platicon pulse that can be captured by the OSA.

6.4 Summary

In this work we demonstrate the platicon frequency comb generation in normal GVD mi-

croresonators, with a single-FSR intensity-modulated pumping scheme. Initiated from the

wave-breaking dynamics, we analyze the influence of modulation frequency and pump-

resonance detuning on the platicon frequency comb properties. A phase-locked and mode-

locked frequency comb is observed and the bright square pulse with widths from 2 ps to

17 ps is depicted using dual-comb cross-correlation. We demonstrate the comb symmetry

deterministic control with the sideband modulation frequency, together with the third-order

dispersion, along with the beat note power spectral density and phase noise character. With

auxiliary-laser-assisted thermal stabilization, we not only extend access to forbidden region

of platicon generation and narrower square pulse generation, but also simplify the estima-

tion of the platicon pulse without time-domain measurement by bridging the platicon comb

spectrum features to its pulsewidth. The microresonator would be a great platform for study

of wave breaking regarding propagation loss and stimulated Raman scattering compared to

fiber. This work has noteworthy influence on generating frequency comb in normal disper-

sion regime and with applications such as an intensity-flattened spectral comb for high-rate

optical communications, nonlinear optical imaging with fiber endoscopes, pulse shaping and

amplification, dual-comb and Raman spectroscopy, and novel on-chip microwave synthesiz-

ers.
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CHAPTER 7

Nanometric precision distance metrology via hybrid

spectrally-resolved and homodyne interferometry in a

single soliton frequency microcomb

7.1 Introduction

With length as one of seven fundamental physical quantities, the ability to precisely deter-

mine distance to a target is especially important such as in observations of gravitational

waves and futuristic space missions of multiple satellite flying formations [165]. With the

current international system of units (SI) meter definition based on light vacuum path trav-

eled in a time of 1/299,792,458 second [166, 167], laser-based distance measurement plays a

pivotal role to advance length metrology with increasing precision. Most laser interferome-

ters are based on the single-wavelength, with interferometric phase measurement to achieve

sub-wavelength precision [168]. Inherently, a single-wavelength laser interferometer mea-

sures distance by accumulating a displacement from the initial to the target position, with

the non-ambiguity range bounded at half the selected electromagnetic wavelength. To over-

come this limitation, absolute distance measurement – which determines distance by a single

operation – has been advanced in various platforms [169, 170, 87, 171, 172]. The advent of

the frequency comb, which enables the whole optical frequency span to have traceability to

well-defined frequency standards in the microwave or optical domains [173, 174, 84], brought

about a breakthrough in absolute distance measurements [175]. The broad spectrum and

ultrashort pulse of the frequency comb enable advanced laser distance metrology includ-
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ing dual-comb interferometry [87, 176], synthetic-wavelength interferometry [177, 178, 179],

spectrally-resolved interferometry (SRI) [180, 181, 182, 183], multi-wavelength interferometry

[184, 185, 186], and cross-correlated time-of-flight measurements [171, 187]. Recently chip-

scale microresonators have contributed to progress in laser frequency combs [5, 17, 62, 21]

including the generation of different frequency microcombs [26, 15, 52, 188] temporal soli-

tons [16, 128], integrated low-power microcombs [95], and optical frequency synthesizers [54].

These microcombs enable applications such as low-noise microwave generation [91, 8], op-

tical communications [56], spectroscopy [104, 55], and distance measurement at ≈ 100 nm

precision [58, 57, 101].

Here we describe spectrally-resolved laser ranging via a soliton frequency microcomb,

with precision length metrology at the few nanometers scale. A single microcomb is utilized,

of which the SRI (SRI) of the measurement and reference pulses engraves information on

the optical time-of-flight. With the large (88.5-GHz) free-spectral range and high-coherence

of our selected frequency microcomb, we directly read out the tooth-resolved and high-

visibility interferogram via optical spectrum analyzers. We utilize a dual-pumping technique

to stably generate the soliton mode-locking in a planar-waveguide Si3N4 microresonator,

which is the same as in chapter 4. We describe the time-of-flight signal reconstruction via

the integrated platform of comb-line homodyne interferometry, microcomb and background

amplified spontaneous emission SRI, from the same spectral interferogram. The comb-line

homodyne interferometry is unwrapped with the relatively-coarse microcomb, which is it-

self unwrapped with the low-coherence amplified spontaneous emission interferometry in the

comb-background to achieve a 3-nm precision over a 23-mm non-ambiguity range. We sam-

ple the long-term distance metrology over 1,000-seconds stability and an Allan deviation up

to 300-seconds, with a 3-nm measurement repeatability achieved from homodyne interferom-

etry. The chip-scale single microcomb provides a platform to apply a hybrid microcomb and

homodyne SRI architecture, achieving white noise-bounded high precision at long integration

times and short distances, even comparable to a few-Hz stabilized fiber frequency combs. We
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further demonstrate measurement linearity in example positional calibration and referenced

against a three-dimensional (3D) precision gauge block for principle demonstration.

7.2 Measurement concept of soliton microcomb ranging by SRI

Figure 7.1: Architectural approach of the spectrally-resolved ranging via soliton microcomb. Refer-

ence and measurement pulses of the soliton frequency comb, separated by τTOF. The measurement

pulse has a relative phase shift φ(ν) = 2πν×τTOF to the reference pulse, and it makes an interference

in every frequency mode of the soliton frequency comb. The information of τTOF is thus engraved

on the interference pattern in the frequency domain, monitored via the spectrometer. The wide

free-spectral range of frequency microcombs enables its comb-tooth resolved spectral interferogram

to be directly readout by readily-available optical spectrum analyzers.

Figure 7.1 shows our laser dimensional measurement concept with the soliton frequency

microcomb. The time-delayed measurement pulse is described by relative phase delay

Δφ(ν) = 2πν × τTOF to the reference pulse, with ν the optical carrier and τTOF the

measurement-reference time-of-flight delay. With s(ν) the pulse spectrum, two separated

pulses generate a frequency interference pattern as i(ν) = s(ν)[1 + cosφ(ν)], engraving the

time delay with 1/τTOF period (Figure 1 right panel) with target distance L determination

from 2nairL = c0τTOF, where c0 is the vacuum speed of light and nair the medium refractive
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index. The time delay τTOF is directly determined by the peak position of the i(ν) Fourier-

transform, expressed as I(τ) = FT{i(ν)} = S(τ) ⊗ [δ(τ + τTOF)/2 + δ(τ) + δ(τ – τTOF)/2],

where δ(τ) is the Dirac delta function, S(τ) the s(ν) Fourier transform, and τ the time delay.

Since s(ν) is a real function, its Fourier transform S(τ) is symmetric about τ = 0 and repeated

every τ = τpp = 1/fr , where fr is the repetition-rate and τpp the pulse-to-pulse temporal

separation.

Figure 7.2: Soliton microcomb-based precision dimensional metrology via SRI. BS: non-polarizing

beam splitter, MREF: reference mirror, MMEA: measurement mirror, EDFA: erbium-doped fiber

amplifier, CL: free-space collimator lens. Left inset describes schematic for the TE-TM dual-

pumped soliton microcomb generation.

Since the τTOF peak is symmetrical to τpp/2, the measured τTOF folds at τpp/2 and the

measured distance has a triangle-shaped profile with increasing target distance [19]. Thus,

the target distance is expressed as 2nairL = co((m+1)×τpp/2+τTOF for even m, or 2nairL =

co(m + 1)× τpp/2 – τTOF for odd m, where m is an integer. In general, the calculated τTOF

from (τ) peak detection is not precisely determined and is limited by the s(ν) bandwidth.

We use a curve-fitting algorithm for precision peak detection and homodyne interferometry

toward nanometer-level precision. Note that the non-ambiguity range(LNAR) is determined

from fr[LNAR = c/(4fr)] which corresponds to 850-μm (fr = 88.5 GHz). For further precise

measurement, we use the optical carrier phase from the inverse Fourier transformation of
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S(τ). Then the target distance can be defined as 2nairL = c0/ν(Mhomodyne + φ(ν)), where

Mhomodyne is the integer of the homodyne interferometry.

Figure 7.3: Soliton microcomb-based precision dimensional metrology. a, Example optical spectrum

of the soliton microcomb from the high-Q Si3N4 microresonator, with the hyperbolic secant-square

spectrum. Left inset: zoom-in illustration of the comb-tooth resolved spectrum. Right inset: Fre-

quency stability of free-running repetition rate (fr). b, Example measured high-coherence spectral

interferogram (blue) from the reference and measurement pulses, along with the superimposed spec-

tra of the C-band amplified soliton microcomb (gray). Red line shows the amplified spontaneous

emission (ASE) noise induced by the EDFA from the same spectral interferogram of the blue line.

Inset: zoom-in illustration of the low-coherence ASE spectral interferogram with the low-visibility

interference.

Figure 7.2 depicts the setup for the microcomb-based dimensional metrology. A dissipa-

tive single-soliton is generated in a planar Si3N4 microresonator, with loaded quality-factor

Q of 1.77 × 106, free spectral range (FSR) of 88.5 GHz, and anomalous GVD β2 of -3

± 1.1 fs2/mm at 1595-nm. The stable single-soliton microcomb mode-locking is achieved

with a counter-propagating dual-driven technique (discussed in chapter 5 and 4). Figure

7.3a shows the generated single-soliton microcomb, formed in the microresonator with Kerr

nonlinearity. The soliton microcomb has a hyperbolic secant-square shape with a 1595-nm

center wavelength and a 40-nm bandwidth. Such a broad spectrum fits well with SRI since

the minimum measurable distance (Lmin) is limited by the Fourier-transform limited pulse
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duration of light source (τpulse) as 2Lmin = co × τpulse [180]. The right inset of Figure 7.3a

shows the repetition rate (fr) frequency stability Allan deviation, at about 5 × 10–8 level

between 0.5 to 100-seconds.

Figure 7.2 shows the experimental setup for absolute distance measurement. A C-band

section of the soliton comb is first amplified with an erbium-doped fiber amplifier up to

10 mW, centered at 192-THz with 2-THz bandwidth. A 50:50 beam splitter divides the

soliton microcomb pulses into the reference and measurement arms for the interferometry

and recombines upon the pulses return. The measurement mirror (MMea) is mounted on a

motorized stage for translational motion. The recombined beam is collimated into a single-

mode fiber, and sent into an optical spectrum analyzer with 50-pm resolution and 10-pm

accuracy (or equivalently 6.3× 10–6 wavelength inaccuracy with respect to the optical elec-

tromagnetic carrier). An example resulting spectral interference pattern is shown in the blue

plot of Figure 7.3b. Since the microcomb has a large 88.5-GHz repetition-rate, the comb

tooth-resolved interferogram can be directly read out with optical spectrum analyzer. In

contrast, conventional fiber frequency combs rely on Fabry-Perot etalon-based mode filter-

ing or virtually-imaged phase array spectrometers for comb tooth-resolved spectrograms. In

Figure 7.3b, the background gray spectrum is the amplified C-band section of the original

soliton microcomb for reference.

7.3 Absolute distance metrology by soliton microcomb-based SRI

To evaluate the measurement reliability, we measured a fixed distance over 1,000-seconds

with a 1-second update rate. During the measurements, the air refractive index is fixed at

1.000247, which is calculated by the empirical equation under standard air [189][49]. Since

the non-ambiguity range of microcomb-based SRI is limited by hundreds of micrometer, we

extend the non-ambiguity range by introducing coarse measurement from ASE spectrum-

based SRI [190, 191][50,51]. Since the spectrometer resolution is 50-pm (δvspectrometer

91



= 6.14-GHz at 1560-nm), the maximum measurable range of ASE spectrum-based SRI

(LMAX ASE) is 23.4-mm by relation of LMAX ASE = co/2nδvspectrometer. Further mea-

surement range extension can be realized by introducing other coarse distance metrology

[181, 186][20,25]. As shown in Figure 7.4b, the target distance (LMea = coτTOF/2) and

non-ambiguity range (LNAR = coτpp/4) is determined from the reconstructed time-domain

signal, based on Fourier transform of the interference pattern in the frequency domain. Fig-

ure 7.4b shows the non-ambiguity range at 0.847424-mm. We see a large peak enhanced by

summation of the ASE and microcomb spectrum, extending the measurement range.

Figure 7.4: Distance measurement beyond the non-ambiguity range. a, Non-ambiguity range ex-

tension by the combined platform of ASE-noise-based spectral interferometry, soliton microcomb

spectral interferometry and homodyne interferometry. To determine integer M of the homodyne

interferometry, the coarse distance measurement from the microcomb (with λ/2, where λ = co/v.)

is used. At the same time, to determine integer m of the microcomb, the ASE SRI is used. b,

Time-domain signal reconstruction from the frequency domain interference. A typical signal-to-

noise ratio of the time-domain signal is larger than 100.

We evaluate the measurement linearity by comparing with the encoder inside the motor-

ized stage as shown in Figure 7.5. As shown in Figure 7.5(1), we model the positioning error

with 3 types of spectral shapes with ideal interference pattern on the spectrum. Although

amplified comb spectrum is narrower than original soliton microcomb spectrum, the position-

ing error of amplified comb spectrum case is better because of its smooth spectrum shape.

The positioning errors of amplified comb, full microcomb and sech2 spectrum with same spec-
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tral bandwidth of amplified comb are estimated with standard deviations (1σ) of 124-nm,

560-nm and 23-nm, respectively. The measurements revealed a peak-to-valley discrepancy

of ± 2.56-μm. We note that the comparison is limited by the motorized stage due to its

low accuracy (≈ ±5 – μm). For further comparison, we compare the measurements between

microcomb SRI and homodyne interferometry. The peak-to-valley discrepancy is ± 293-nm

with standard deviation (1σ) of 185-nm. We also evaluated the translation motion exceeding

the non-ambiguity range of 850-μm as shown in Figure 7.5inset. For comparison, the fiber

comb-based SRI result is also plotted in light cyan. Beyond the non-ambiguity range, our

measurement and the encoder match well within the encoder accuracy. We also measured a

standardized gauge block cross-section with 3-mm height to validate the microcomb SRI for

potential 3D surface measurement. The measurement repeatability taken over 5 consecutive

measurements is determined to be 327-nm and 11.4-nm from microcomb SRI and homodyne

interferometry respectively as the 1σ standard deviation. These results demonstrate that the

microcomb SRI has a good potential for length and positioning calibration such as length

standards and high-precision axial positioning.

As shown in Figure 7.6a and 7.6a up to 1,000-seconds, the measured distance from

microcomb SRI is nearly constant without notable long-term drifts and has a standard

deviation (1σ) of 81.6-nm. In contrast, the ASE spectrum-based SRI shows large fluctuations

in the distance measurement due to its incoherence, but aids to extend the measurement

range via non-commensurate periods in the time-domain. The ASE spectrum-based SRI

measurement range is instead usually limited by the spectrometer optical resolution. An

average value of the measured distance from microcomb-based SRI is found to be 8.197951-

mm, and its accuracy is estimated to be 52-nm bounded by the optical spectrum analyzer.

This accuracy can be enhanced by precisely measuring the repetition-rate fr, instead of

reading out solely the spectrum analyzer values. Measurement repeatability (in terms of

Allan deviation) is calculated via the long-term measurement as shown in Figure 7.7. As

noted in Figure 7.7, the measurement repeatability of microcomb-based SRI at 1-second
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(without averaging) is found to be 80-nm. The measurement repeatability gradually improves

to 11-nm, with a measurement fitted relation of 80-nm ×τ–0.5avg . For longer averaging time

more than 10-seconds, the measurement repeatability remains below 20-nm.

Homodyne interferometry provides a complementary approach to further improve the

distance metrology precision at the nanometric level, since it employs the optical carrier fre-

quency instead of the pulse train envelope in microcomb ranging. Using multiple comb lines,

our comb-based homodyne interferometry counts the optical carrier phase, and its measured

distance has a standard deviation (1σ ) of 10.4-nm during the 1,000-seconds integration.

We observed slowly-varying fluctuations (random walk), as shown in Figure 7.6a. (We note

that for specific ranges, such as 900 to 1,000-seconds in this case, the standard deviation

improves to 3.6-nm.) An average value of the measured distance from homodyne interfer-

ometry is found to be 8.197915-mm. As shown in Figure 7.7, the measurement repeatability

of homodyne interferometry at 1-second is found to be 2.85-nm which deteriorated to 6.62-

nm at 100-seconds. The measurement repeatability of microcomb-based SRI and homodyne

interferometry are overlapping at more than 100-seconds of averaging because it is perhaps

bounded by slowly-varying fluctuations on the optical path delay due to measurement path

thermal expansion, air refractive index variations by slowly-varying environmental drift, or

long-term fluctuations of the measured spectrum. If we remove long-term drift using high-

pass filtering, the measurement stability can be enhanced to sub-nm at 100-seconds. The

measurement repeatability is well-matched to each other, verifying that our measurement

stability is not limited by the soliton microcomb. We note that the main limitations on the

repeatability is the intensity fluctuations such as from the spectrum analyzer, microcomb,

polarization and distance variations.
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7.4 Summary

In this work, we have examined the scaling of the microcomb SRI with estimates of the

microcomb stability (detailed in Figure S8). For distances smaller than 1-m, our precision

limit is bounded by the measurement repeatability. For distances more than 1-m, the mea-

surement precision will be bounded by the frequency stability of our free-running frequency

microcomb which has been reported at the 10-8 to 10-9 level [13]. The scaling is square-root

proportional with distance since for the longer distances the precision limit is bounded by

the microcomb frequency instability (Δf/f ∼ ΔL/L). When locking the free-running micro-

comb to a Rb atomic clock or micro-photonic reference [12, 192, 193, 194], the frequency

stability can be brought down to 10-12 at 100-seconds integration, further improving the

long-distance precision of the single-soliton microcomb SRI. Our proposed scheme can be a

platform for next-generation length standards via chip-scale laser frequency microcombs.
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Figure 7.5: Measurement linearity of SRI. Measurement linearity is evaluated by measuring the

target distance with 25-μm incremental translation of a motorized stage. Top panel is the modeled

results of positioning error for different spectral shapes. Middle panel is the residual error comparing

SRI, homodyne interferometry and the encoder. Bottom panel left inset shows the measured

distance beyond the non-ambiguity range. The wrapped distance is unwrapped with calculated

non-ambiguity in navy color. For comparison, a distance measurement from fiber-comb based SRI

is also plotted in orange color.

96



Figure 7.6: Nanometer-scale precision distance measurement: reliability evaluation. a, Long-term

distance metrology sampled over 1,000-seconds. b, Left figure: histogram distribution of microcomb

spectral interferometry and ASE spectral interferometry, with 1σ standard deviation of 81.6-nm

(blue) and 285-nm (red) at 1,000-seconds measurement. Right: histogram distribution of homodyne

interferometry, with 1σ standard deviation of 10.4-nm at 1,000-seconds measurement (green color).

The 3.6-nm standard deviation is an example obtained from 900 to 1,000-seconds (yellow color).
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Figure 7.7: Nanometer-scale precision distance measurement: repeatability evaluation. Measure-

ment repeatability verification through Allan deviation of the long-term ranging data. 3-nm mea-

surement repeatability is achieved from drift-compensated homodyne interferometry. The white

noise limit is denoted by the dashed gray line while flicker noise is not observed within our 100-

seconds averaging time. Measurements from a few-Hz-stabilized fiber mode-locked laser frequency

comb laser metrology are illustrated for comparison. Black dashed lines denote simulation results

about intensity fluctuation induced measurement repeatability. Orange dashed line denotes the

free-running soliton microcomb frequency instability-induced measurement repeatability at 8 mm.

98



CHAPTER 8

Free-space terabit/s coherent optical links via platicon

frequency microcombs

8.1 Introduction

With the advent of wavelength-division multiplexing, fiber-based long-haul communications

have seen dramatic improvements in land-based communication bandwidths and network

topologies. This has transformed an ever-expanding data reach and demand in telecom-

munications, energy-efficient interconnects, high-definition remote conferences and virtual

environments, medicine and health, large-scale computing, and high-energy particle physics

experiments. The tremendous demand, however, has led to congestion in the last-mile wire-

less access networks of the allocated radio frequency (RF) GHz spectra, driving the need

towards higher-frequency and optical carriers for wireless communications [195, 196, 197].

Optical wireless offers an intrinsically large THz-level bandwidth, without restrictions in

spectrum usage, with ease of deployment, appreciably smaller-lighter receivers, and improved

channel security. Furthermore, free-space optical communications provide for terrestrial and

satellite links [198, 199, 200], enabling not only building-scale relay networks and backhaul

links but also three-dimensional geostationary satellite networks for global broadband con-

nectivity [201]. Working with multitude laser arrays for wavelength-division multiplexing, re-

markable Tb/s free-space optical transmission has recently been demonstrated in feeder-link

trials [202], including programmable wavelength-selectable switches for necessitated intensity

equalization across the array, and in double-pass building-to-building links with electronic
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control units [203]. Coherent detection [204], co-transmitted local oscillator tone in Kramers-

Kronig transfer [205], and spatial-mode multiplexing [204, 206] have also been examined to

further advance the free-space data transmission.

In a single frequency comb source with phase-locked discrete channels, the frequency

microcomb has enabled massively parallel data transmission – in soliton [56], dark pulse

[99], and high-data modulation formats [100] for example – embedded in fiber-based link

demonstrations. The frequency microcomb phase coherence can simplify the error correc-

tion complexity due to its highly correlated stochastic phase and intensity fluctuations be-

tween the frequency comb carrier lines. The line-to-line phase correlations and reduction

of inter-channel guard band requirements also simplifies the testbed implementations [207].

Through dual-interleaved soliton microcombs and the combined wavelength-multiplexing and

polarization-multiplexing subspaces, aggregate data rates up to 55 Tb/s over 179 carriers

have been examined in fiber [56]. Subsequently, spatial-mode multiplexing and higher-order

digital data modulation further enabled 1.84 Pbit/s net data rates with 223 wavelength-

multiplexed channels [208], and a 10.4 bit/s/Hz spectral efficiency [100], in the fiber subsys-

tem testbeds. With the multiple orthogonally multiplexing schemes, aggregate data rates up

to even 49.7 Tb/s per fiber core have been demonstrated with frequency microcombs [208]

and up to 97.7 Tb/s per fiber core with bulk laser combs [209].

Here we report the first terabit/s-scale data communications in a free-space atmospheric

link, via an intensity-equalized platicon frequency microcomb. Spanning over 64 optical

carriers in both the wavelength- and polarization-multiplexed subspaces, an aggregate 10.2

Tbit/s coherent data transmission is achieved, at 20 Gbaud symbol rate per carrier, 115 GHz

channel spacing and over 160 m atmospheric distances (indoor and outdoor hybrid link),

even under log-normal turbulent conditions. 16-state quadrature amplitude modulation is

examined, with the retrieved constellation maps characterized line-by-line across the efficient

platicon microcomb and with stabilized free-space communication bit-error rates below the

hard- and soft-decision thresholds for forward-error correction. Second, to enable multiple-
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access networks, we examine the SISO communications, driving down the raw error rates

to 6.5 × 10–5 over 106 symbols while preserving the overall intradyne signal quality. With

our digital signal processing (DSP) algorithms and including hard-decision forward-error

correction overheads, in our SISO we report an aggregate data rate up to total 5.2 Tbit/s

data rate, a field-tested 1.3 bit/s/Hz spectral efficiency and a quantified 3.8 dB power penalty

comparison with respect to the theoretical additive white Gaussian noise limits. Third, in our

platicon microcomb free-space testbed, we quantify turbulence-induced intensity scintillation

and pointing error fluctuations on the end-to-end symbol error rates, supported by our

channel fading models. High-order modulation scaling, even in the presence of transceiver

noise and channel non-idealities, are subsequently examined in our free-space microcomb

testbed.

8.2 Microresonator-based platicon frequency microcomb genera-

tion

8.2.1 Device design and platicon comb generation

The designed Si3N4 microresonator has a 2 × 0.8μm2 waveguide cross-section with 200 μm

radius, FSR of 115 GHz, loaded quality factor of Q ≈ 700,000, and GVD of ≈ 50fs2/mm.

The pump mode is chosen at around 1591 nm, where the adjacent mode (-1st mode) has

a large mode shift due to higher-order mode coupling. To initiate the platicon microcomb,

a CW ECDL (New Focus TLB 6730), amplified by an EDFA (BKtel) up to 36 dBm and

then selected by a cube polarization beam splitter (PBS) for quasi-TM mode pumping, is

slowly tuned into resonance from the blue-detuned regime of the pump mode and then the

platicon microcomb is generated through cascaded four-wave-mixing. The quasi-TM mode

is selected instead of the quasi-TE polarization due its normal group velocity dispersion to

facilitate the platicon comb formation. A OBPF with a 3-dB bandwidth of ≈ 10 nm (Filter

1 in Figure 8.1a inset i) is used to suppress the ASE noise from the high power EDFA. Each
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Figure 8.1: FSO wireless coherent communications with an atmospheric horizontal link using a

platicon frequency microcomb. a, Conceptual illustration of the free-space line-of-sight optical link.

Inset i: Frequency microcomb generation setup including an optical micrograph of the microres-

onator. Scale bar: 200 μm. Inset ii: PDM EO IQ optical transmitter along with four independent

50 GSa/s AWG. b, Measured platicon frequency microcomb at an ORBW of 50 pm, with LLE

modeled spectrum in orange envelope. c, Modeled temporal pulse duration shows a 1.7 ps FWHM.

d, Measured heterodyne RF beat note of extracted comb line against an external reference laser,

in support of the low-noise square microcomb.
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facet of the microresonator has 3-dB loss so that the on-chip power is 33 dBm which is

used to generate frequency microcomb. The output power of ≈ 30 dBm is collected. Then

the pump mode is suppressed via a narrow bandwidth fiber grating notch filter (Filter2 in

Figure 8.1a inset ii) to avoid power saturation in downstream amplifiers and sent for the

data transmission measurements. We tune the pump wavelength from blue-detuned side to

approach the pump resonance, achieving the close-rectangular-shaped microcomb spectrum

shown in Figure 8.1b with a conversion efficiency η ≈ 11%. The close-rectangular-shaped

spectral roll-off factor is 7.4 dB/nm and 3.0 dB/nm for the long- and short-wavelength comb

edges, respectively.

8.2.2 Platicon frequency microcomb characterization

A conceptual wireless optical communication scenario with a line-of-sight atmospheric link

between two buildings is illustrated in Figure 8.1a, with the broadband coherent frequency

microcomb source generation setup shown in inset i and the coherent data encoding schematic

shown in inset ii. To ensure broadband operation, we carefully choose the normal dispersion

frequency microcomb with a unique platicon dark-soliton spectral generation to preserve

rectangular flattop comb line intensities over a 12.5 THz (100 nm) 19-dB bandwidth as illus-

trated in Figure 8.1b. This platicon microcomb provides more than 100 high-quality optical

carriers with optical carrier-to-noise ratio (OCNR) of ≈ 50 dB, with a 115 GHz channel spac-

ing for continuous stable operation without significant power drift and without dropping the

low-noise comb state. We modulate the platicon microcomb input using polarization-diverse

IQ modulators with four independent 50 GSa/s arbitrary waveform generators (AWG) as

shown in inset ii of Figure 8.1a. Figure 8.1c shows the modeled pulse duration of 1.7 ps

from the rectangle comb spectral envelope. Intensity fluctuations and linewidth broadening

are examined by continuous-wave heterodyne beat note measurements, as shown in Figure

8.1d, between individual comb lines and a standalone narrow linewidth (≈ 100 kHz) ECDL,

indicating the low-noise of the comb in support of free-space coherent communications. Fig-
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Figure 8.2: Data transmission setup, with polarization-division multiplexing (PDM) and

wavelength-division multiplexing (WDM). Inset i: Aerial map of the free-space link field trial.

Inset ii: Beam expander/reducer schematic diagram.

ure 8.2 shows the data transmission setup used to conduct the free-space PDM-WDM and

the PDM-SISO coherent data transmission over a 160-m atmospheric horizontal link, based

on the platicon frequency microcomb. The microcomb is spectrally split into the broad C-

and L-bands with a fiber-based WDM, subsequently amplified by C- and L-band amplifiers

independently to boost the average optical power of each spectral band. The microcomb

has 29 C-band and 27 L-band carriers injected into the polarization-multiplexed IQ modu-

lators. The aerial view inset i in the Figure 8.2 shows the field trial measurements of our

free-space link. Detailed link design and stabilization are described in Appendix D. With

amplifier compensation of the insertion and modulation loss, Figure 8.3a shows the raw out-

put spectra for both the C-band (≤ 4 dB power variation and ≥ 30 dB optical signal-to-noise

ratio, OSNRTX) and L-band. The L-band spectrum shows lower OSNR around the 1591 nm

pump wavelength, attributable to residual pump EDFA ASE noise. One figure-of-merit – the

OSNR at the transmitter (OSNRTX) – is defined considering the carrier OCNR and ASE

noise from the first C/L band EDFAs (CEDFA1/LEDFA1) before the free-space link. Our
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platicon-comb transmitter subsystem has an average OSNRTX ≈ 30 dB over the example

56 C- and L-band carriers to enable the link.

8.2.3 Data communication system calibration and implementation

The microcomb output with power of 7.5 dBm is used for data transmission which is filtered

by a 4 nm fiber grating notch filter to suppress the pump laser more than 40 dB. The

filtered optical spectrum is split into C and L band with a power of -5.8 dBm and 4.2

dBm, respectively. The communication experiments were conducted as below. First, two

commercial ECDLs are used to examine the data transmission system to achieve error-

free communication with 105 symbols. Second, one of platicon microcomb lines is coupled

in for the communication link. Third, to explore the power penalty originating from the

frequency microcomb compared to the state-of-art EDCL, a noise loading measurement is

carried out. Fourth, the back-to-back PDM-WDM communication is carried out without

free-space transmission link to examine the validity of the optical carriers over C-band and L-

band. Fifth, the PDM-WDM and PDM-SISO coherent data transmission are carried out for

C/L-band and L-band respectively over a 160 m atmospheric horizontal free-space link. The

raised-cosine filtering 16-QAM symbols are generated and loaded into four high-performance

AWGs (Tektronix AWG 70001B) with a sampling rate of 50 GSa/s and a vertical resolution

of 10-bits. By conducting the phase adjustment relative to the system clock to change the

time skew between different AWGs (with reference to the demodulated eye-diagram), the

four AWGs can be synchronized with precision of less than 2 ps. Subsequently, the data

streams are loaded into the XI, XQ, YI, YQ of the PDM IQ modulator (Tektronix OM5110)

with the optimized bias voltage of XI = 4.74 V, XQ = 1.84 V, YI = -2.48 V, YQ = 4.35

V, XP = 11.04 V and YP = 18.78 V. The loss, including the modulator insertion and

modulation losses, is around 20 dB. Transmitter impairments are mitigated by monitoring

the skewness of the demodulated constellation diagram via adjusting the relative time delay

between I and Q arms. The relative time delay between X-polarization and Y-polarization
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is minimized by checking the central alignment of the demodulated eye-diagram at the

X- and Y-polarizations. Thereafter the bias voltages of the transmitter are optimized by

examining bit error rate (BER) and error vector magnitudes (EVM) in real-time. A tunable

OBPF (EXFO XTA-50) is used to center each optical carrier within a 3 nm bandwidth

for data demodulation. The received optical signal is first polarization demultiplexed and

then detected coherently with a tunable ECDL (Santec TLS-510) at the output power of 11

dBm. Two synchronized high-performance real-time oscilloscopes (Tektronix DPO70000SX)

are used to digitize the waveforms at 100 GSa/s for XI, XQ, YI, YQ individually. This

whole process is subsequently repeated over 64 example comb lines of the platicon frequency

microcomb.

8.2.4 PM-16-QAM implementation

To increase the link spectral efficiency, we implement PM-16-QAM to encode the data stream

on each frequency microcomb channel at a 20 Gbaud symbol rate. The PDM IQ modula-

tors are driven by four independent high-performance 50 GSa/s 10-bit AWGs. The AWGs

are programmed to generate four uncorrelated and timing-synchronized pseudo-random bit

sequences (PRBS) with a length of 215 to drive the in-phase and quadrature-phase arms at

the X- and Y-polarizations (termed as XI, XQ, YI, YQ) such that additional time delay is

not required when introducing the data trace uncorrelation. The PRBS bit sequences are

generated to synthesize the PM-16-QAM symbol sequences, which are used to modulate the

microcomb carriers after raised-cosine (RC) phase shaping with a roll-off factor of 0.5 over

a convolution length of 21 symbols and digital-to-analog conversion (DAC). We performed

digital pre-compensation to mitigate non-idealities of the modulator, AWG, and coherent

receiver in the frequency response. Additionally, we conducted the PDM-WDM system sim-

ulation to examine the adjacent channel data crosstalk with channel spacing of 115 GHz to

emulate the practical WDM system.
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Figure 8.3: Coherent PDM-WDM data transmission over a 160 m horizontal free-space link for

point-to-point data transmission. a, Measured optical spectrum of all C- and L-band channels with

100 pm ORBW. b, Example retrieved constellation diagrams of representative C-band channels

for both XY polarization and the corresponding EVM. The measured constellation points are not

elongated along the azimuthal direction indicating the absence of excessive phase noise. c, Measured

BERs of each data channel covering C- and L-band for the free-space link (white squares) and back-

to-back interconnect (blue triangles) with the error bars denoting the standard deviation. The BER

thresholds are 4.5×10–3 and 1.5×10–2 for the hard-decision and soft-decision FEC, with 7% and 20%

overhead respectively. The EDFA region listed in the left purple dashed box has lower transmitter

optical carrier power. The light blue dashed-box region denotes environmental variations (pointing

errors) during this particular measurement set. d, Example retrieved constellation diagrams of

representative L-band PDM-WDM data transmission.
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8.2.5 Free space data transmission link implementation

To demonstrate the free-space link between two buildings at UCLA, the transmitted optical

signal at 200 mW (through a second set of C/L amplifiers, C/L EDFA2) is first beam-

expanded into a 40 mm beam diameter by a 10× beam expander (Figure 8.2 inset ii) and

reflected from a 2-inch silver mirror located in another building after considering eye safety

(≈ 0.004W/cm2 in our link, much lower than the IEC 60825 safety standards requirement of

4 W/cm2). The received optical signal is coupled back via a 10× beam reducer into a single-

mode fiber which not only connects with the other fiber-based components but also blocks

the environmental background radiation. After the 160-m building-to-building horizontal

atmospheric data transmission, we implement a polarization-diverse dual-channel coherent

receiver to examine the transmission quality channel-by-channel through a broadband tun-

able optical bandpass filter (OBPF) and a tunable ECDL.

To calibrate the polarization diversity of our communication link, we first characterize

the polarization response of the system with two independent ECDLs and binary phase

modulation to extract the system polarization Jones matrix. A third set of C/L-band ampli-

fiers (C/L EDFA3) is used to compensate the free-space link loss and suppress the coherent

receiver shot noise. Two synchronized real-time oscilloscopes with four channels are used

to digitize the received electrical waveforms of XI, XQ, YI, and YQ, with a sampling rate

of 100 GSa/s for off-line DSP. To enhance the platicon microcomb free-space link, DSP al-

gorithms including matched filtering, IQ and XY-polarization time skew correction, offset

frequency estimation, optical phase estimation, symbol decision, and demodulation mapping

are examined in our link.

8.2.6 Data communication system performance characterization

Figure 8.3b represents example received constellations together with the measured error

vector magnitude (EVM), covering the C-band in ≈ 4.5 to 5 nm spectral steps for both po-
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larizations and with an average power of 6.9 mW per channel. The deviation of the measured

constellations from ideality shows some anisotropy and increases along the radial direction

due to power fluctuations of the complex waveforms. The retrieved constellation diagrams

are not elongated along the azimuthal direction, indicating no excessive phase noise. We

note that the nonlinear impairment and temporal walk-off from chromatic dispersion can be

avoided, even when elevating the transmitted average power. Intradyne reception is carried

out to examine the communication quality. To obtain the best data transmission quality, the

EDFA pump currents are optimized by continuously examining the BER and quality factors

Q2
dB of the eye-diagram. As a quantitative characterization of data transmission quality,

both the BER and EVM are used. EVM illustrates the effective distance of the received

complex symbols with respect to their nominal positions in the constellation diagram, which

form a Gaussian-shaped joint probability density function based on the real and imaginary

parts of the error vector centered at the respective constellation points. With the small non-

linear and electronic noise in our subsystem, the EVM is related to the BER in our optical

additive white Gaussian noise channel. We next conduct back-to-back data transmission

with the optical carriers in the C- and L-band of the platicon microcomb after optimizing

system parameters to minimize the microcomb phase and intensity fluctuation effects on the

link.

Figure 8.3c illustrates the subsequently achieved free-space data transmission by adding

the free-space link into the optimized communication system, while maintaining all the pa-

rameters and increasing only the output power via the second amplifier pairs (C/L EDFA2).

Our increased transmitted average power, via C/L EDFA2, compensates for geometric loss

of the free-space link, especially for longer distances, and relieves the power impairment

originating from the turbulence-induced propagation beam spatial walk off and wander, and

acoustic variation-induced pointing error (PE). Figure 8.3c shows the achieved BER, com-

puted by comparing the decoded bit sequence with the transmitted ones. All comb lines,

except the 1540.113 nm and 1541.002 nm channels, provide error-free communication be-
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low the BER threshold of 4.5×10-3 (black dashed line). This allows a post-forward error

corrected (FEC) BER below 10-15 for transmission over the 160 m free-space link using

a hard-decision staircase FEC with a 7% overhead. Over the 29 C-band and 27 L-band

channels, this yields an aggregate data rate capacity of 8.96 Tbit/s. The higher error rate

channels still show BER below the threshold of 1.5 × 10–2 with a 20% overhead as shown

with the black dashed line. After 7% and 20% overhead reduction for the channels, the ag-

gregated data rate capacity is up to 8.29 Tbit/s and the corresponding net spectral efficiency,

normalized by the channel spacing, is 1.28 bit/s/Hz. Figure 8.3d shows the representative

constellation diagrams in the L-band at the 1573.4 nm channel, along with the corresponding

EVM for the two polarization. Furthermore we note that, due to the large channel spacing,

good frequency grid stability and associated QAM pulse shaping and matched filtering, the

coherent inter-channel crosstalk is negligible in our link. Moreover, other studies [210] have

demonstrated that an extinction ratio (ER) of more than 22.2 ± 1.5 dB between adjacent

channels is sufficient for suppressing inter-channel crosstalk, aided by commercial tunable

delay interferometer or programmable wave-shaping instruments. Our demonstrated free-

space PDM-WDM coherent data transmission provides a platform for Tbit/s point-to-point

wireless communications. It is worth noting that the WDM communication is demonstrated

with one transmitter and hence to demonstrate the validity of coherent data demodulation

for an uncorrelated data stream, we next conducted the PDM-SISO data transmission.

8.3 Coherent free-space single-input single-output data transmis-

sion

To demonstrate the multi-wavelength frequency microcomb towards multiple-access net-

works such as WDM passive optical network (WDM-PON), we examine the platicon micro-

comb for single-input single-output (SISO) data transmission, with the broadcasting network

schematic illustrated in Figure 8.4. Advancing from PDM-WDM, the PDM-SISO approach
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Figure 8.4: Conceptual illustration of the multiple-access network.

allows better noise tolerance due to the high power of the single comb line selected be-

fore the PDM IQ modulator and thus overcoming the impact from the residual pump ASE

noise. This is a baseline testbed demonstration for multiple access networks and serves as

a validation of coherent demodulation for temporally uncorrelated data streams with the

developed DSP algorithm. We perform coherent SISO data transmission, including polar-

ization diversity, now with a symbol length up to 106. Data transmission is achieved over

the same free-space link and an individual optical carrier is selected out after the first EDFA

(CEDFA1/LEDFA1) and the corresponding data demodulation performed individually to

validate the DSP scheme.

Figure 8.5a shows the representative four-level eye-diagram of the XI component at

1580.93 nm, which elucidates the time delay between the two polarization clearly and visu-

ally. For the SISO link, the signal quality factor (Q2
dB) can be calculated from the EVM

by Q2
dB = 20 × log10(

√
1

EVM), with a Q2
dB of 9.36 dB obtained for the 1580.93 nm exam-

ple carrier. We note that across our optical carriers, Q2
dB is typically ≈ 9.0 to 9.4 in our

field trial. With the improved power amplification sensitivity of SISO (compared to WDM),

representative constellation diagrams are shown in Figure 8.5b at 1590.53 and 1592.52 nm.
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The achieved BERs are 6.5± 5.63× 10–5 and 6.9± 1.88× 10–4. Even with the lower OSNRs

Figure 8.5: Eye diagram and constellation map of PDM-SISO data transmission. a, Representa-

tive dual-polarization four-level eye diagram with quality factor Q2
dB of 9.36 dB for the in-phase

component of the X-polarization (XI). b, Retrieved SISO constellation diagrams of two example

channels (1590.535 and 1592.525 nm) adjacent to the pump laser with the corresponding BER.

in the L-band spectrum of the platicon microcomb, we were able to achieve BERs on the

same order-of-magnitude as the PDM-WDM demonstration (1.6× 10–4 at 1583 nm channel

with lowest BER). Due to the small error occurrences with our 1 million symbols in SISO,

we use the EVM metric instead of BER to rigorously quantify the data transmission quality.

Figure 8.6 shows the resulting EVM distribution for the 35 SISO channels in the frequency

comb L-band, along with a 16-QAM EVM threshold of 12.5% for error-free data transmis-

sion with the hard-decision FEC indicated by the dashed black line. The EVM for the dual

polarization (X and Y) is below the threshold for all channels except the suppressed pump

channel. The EVM at wavelengths above 1586 nm has fluctuations, which is related to the

varying OSNR. An aggregated data rate up to 5.6 Tbit/s with 35 independent channels over

the 160 m atmospheric free-space PDM-SISO link is obtained. Inclusive of the 7% overhead,

the corresponding aggregated total data rate can go up to 5.21 Tbit/s, with a 1.29 bit/s/Hz

spectral efficiency. The demonstrated PDM-SISO coherent data transmission not only shows

the potential of the frequency microcomb source as a link but also provides a solution for

free-space multiple-access networks.
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Figure 8.6: Measured EVM of each optical carrier channel with the error bar denoting the standard

deviation over the L-band spectral range with the 16-QAM EVM threshold for error-free data

transmission.

Figure 3e compares our platicon comb-based transceiver BER performance with state-of-

art ECDLs and the theoretical BER limits determined by additive white Gaussian noise. We

illustrate this for three arbitrary comb and ECDL wavelengths (1542.93, 1552.96 and 1561.32

nm; at 12.5 GHz spectral resolution in the optical spectrum analyzer) in back-to-back SISO

data transmission. To examine the BER evolution measurement, the received OSNR is at-

tenuated at 1.5-dB-step from 27 dB to 12 dB, which increases the ASE noise loading ratio.

At the hard-decision FEC BER threshold of 4.5×10–3, the comb-based transceiver has an ≈

3.8 dB OSNR degradation (power penalty) with respect to the theoretical white noise BER

limit for 16-QAM, while in comparison the ECDL-based transceiver has a 3.3 dB OSNR

degradation. The additional 0.5 dB OSNR degradation from our platicon frequency micro-

comb is attributed to additive ASE noise from the first EDFA. This examination supports

the platicon microcomb as a wireless backhaul data link in multi-wavelength multiple-access

networks with high-order modulation and coherent detection.

113



Figure 8.7: Measured BER versus OSNR before the coherent receiver of three independent 1542.93,

1552.96 and 1561.32 nm carriers derived from the platicon frequency microcomb (solid symbols).

16-QAM signaling at 20 Gbaud for both XY polarization together is implemented, and a single-

wavelength standalone ECDL (empty symbols) is also illustrated for comparison. There is a 3.8-dB

power penalty at the error-free data transmission threshold, compared to theoretical BER-OSNR.

We observe an≈ 1-dB degradation in the multi-channel microcomb compared to a single-wavelength

ECDL. After considering the amplifier spontaneous noise from EDFA and the free-space link channel

fading, the theoretically calculated BER curve fits with the experimental result.

8.4 Atmospheric turbulence-induced SER measurement and the-

oretical limits

In contrast to an independent array of DFB lasers, the chip-scale microcomb has lower optical

power per comb line and lower OCNR which would limit the utmost free-space link reach,

the choice of modulation format, and the maximum symbol rate. To mitigate this and the

impact of ASE noise from cascaded optical amplifiers, it is essential to increase the comb

line powers by optimizing the pump-to-comb-line conversion efficiencies. Figure 8.8 shows

the parameter map in terms of conversion efficiency and the 20 dB optical bandwidth, to
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Figure 8.8: Comparison of microcombs’ 20-dB optical spectrum bandwidth and conversion effi-

ciency. Efficiency data from each reference; optical bandwidth via the comb spectrum from the

maximum comb line. S.S.: single soliton [91, 19, 143, 143](from left-to-right). P.M.: platicon fre-

quency microcomb [this work]. D.P.: dark pulse [211, 212, 99, 212, 213](from left-to-right) N.D.C.:

normal dispersion comb [214]. Hybrid (fiber and microresonator) cavity with the laser cavity soliton

[215], and Hydex with the soliton crystal with internal conversion efficiency [100].

compare between the different frequency microcomb candidates. Normal dispersion-based

microcombs offer higher conversion efficiencies, including dark pulse microcombs and this

work on the platicon microcombs, and has a general tradeoff between conversion efficiency

and optical bandwidth.

To understand the atmospheric effects on our free-space testbed, Figure 8.9a shows the

measured power fluctuations of the free-space link by monitoring the beam position with a

quadrant position detector – this illustrates the beam position fluctuations before and after

active feedback stabilization with 10× peak-peak beam position variation improvement. To
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Figure 8.9: Pointing error optimization a, Measured free-space laser beam position along X-Y

direction with a quadrant position detector. Left panel: free-running with asymmetrical beam

position fluctuations. Right panel: corresponding beam position after active feedback control. b,

Measured atmospheric turbulence-induced intensity scintillation (σ2I ) of the free-space link field

trial after suppressing pointing errors. c, Measured BER evolution showing the residual pointing

error degradation of the free-space link, compared to a back-to-back baseline. d, Corresponding

retrieved constellation diagrams of the first four (solid symbols in panel b) BER sampling segments

and the fluctuating BER induced by PE shadowed by the light yellow color.

effectively suppress the pointing error in free-space, we implemented a tight beam-tracking

lock system as detailed in Appendix D. To understand the BER dependence on the at-

mospheric turbulence-induced intensity scintillation, Figure 8.9b shows the measured power

fluctuations of the free-space link after removing the pointing error with an active feedback

propagation beam stabilization. The link availability and dropout period are investigated

before and after engaging the active beam stabilization. The turbulence-induced intensity

probability has a log-normal distribution. The scintillation index of the free-space atmo-

spheric link, caused by the air refractive index variation in the atmosphere, is denoted by
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the normalized variation of intensity fluctuations as σ2I =
⟨I2⟩–⟨I⟩2

⟨I⟩2 where I is the received op-

tical intensity. The corresponding refractive index structure parameter C2
n can be calculated

by the Rytov variance

4σ2I ≈ σ2R = 1.23C2
nk

7/6L11/6

for weak turbulence under the plane-wave model approximation [216], where k is the carrier

wavenumber and L is the propagation distance. The measurement-obtained C2
n = 4.8 ×

10–14m–2/3 at 1550 nm for the 160-m free-space testbed, which subsequently supports our

communication model noted below.

Figure 8.9c examines the BER dependence on the atmospheric turbulence and the point-

ing error of the free-space link, by continuously transmitting the data sequence where the

example 16th to 19th datapoint segments show significant BER fluctuation due to unlocked

pointing error. The correspondingly reconstructed constellation diagrams are shown in Fig-

ure 8.9d without PE and with PE for the 1st to 4th and 16th to 19th datapoint segments:

with the unlocked PE, there is a clear ≈ 1.7 dB amplitude degradation and the symbol walks

randomly in the complex plane. With the measured link parameters on-hand, Figure 8.10

shows the dependence of the calculated theoretical 16-QAM SER on the SNR for different

channel fading models: ideal channel, low visibility fog and smoke channel (F&S channel),

atmospheric turbulence (AT) log-normal channel, and non-zero bore-sight PE channel. The

symbol error probability of M-QAM is denoted as SER = 2(1 – 1/
√
M)erfc(k

√
SNR) where

k =
√

3
2(M–1)

is the normalizing factor for different M-QAM. Adverse channel fading fun-

damentally limits the transmission reach of the free-space link. The average SER influenced

by intensity scintillation of the free-space link is defined with SERFS =
∫∞
0 SERfI(x)dx,

where x denotes the fractional power variation and fI(x) is the power density function

of the random scintillation [217]. Atmospheric attenuation is calculated using the Beer-

Lambert relation fI(x) = fFS = e–αλL, where L is the link distance and attenuation coeffi-

cient αλ =
– ln 0.05

Vis ( λ550)
–q is related to the atmospheric visibility [218] with Vis and q the

atmospheric visibility parameters. The intensity scintillation of the experimental free-space
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Figure 8.10: Modeled SER–SNR of the free-space link for different channel models and scaled reach

range. F&S: fog and smoke, AT: atmospheric turbulence, PE: pointing error. Our experimental

testbed data points are listed, with residual pointing error and turbulence as the primary and

secondary sources of error in our microcomb free-space link demonstration.

link can be described by a log-normal distribution denoted as [216]

fI(x) = fLN(x) =
1

x2σI
√
2π

exp

(
ln x +

2σ2I
2

)2

8σ2I

.

In a terrestrial free-space optical link, the light beam jitter variance along the horizontal

and elevation axes are assumed to be identical, caused by the building motion and individual

transmitter-receiver mechanical vibration. The non-zero bore-sight pointing error power

density function is used to model the PE channel fading, defined as fI = fPE(x) =
γ
2

Aγ
2

0

xγ
2–1

where 0 ≤ x ≥ A0, and A0 (∼= 1) is the fraction of the collected power when pointing error

r = 0, and where γ =
ωeq
2σr

(∼= 0.874) is the ratio between the equivalent beam waist ωeq and

the PE displacement standard deviation σr at the receiver [216]. The Gaussian beam waist
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propagating in atmospheric turbulence can be denoted as ωz ≈ ω0

√
1 + ε

(
λz
πω

2
0

)2

where ω0

is the beam waist at the transmitter for z = 0, ε = 1+2ω20/ρ
2
0(z), and ρ0(z) = (0.55C2

nk
2z)–3/5

as the spatial coherence length. For a circular detection aperture with radius a and Gaussian

beam propagation, the equivalent beam width is expressed as ωeq = ω2z

√
πerf(h)

2h exp (–h2)
where

h =
√
πa√
2ωz

[216]. The subsequent SER-SNR dependence of the free-space link with different

reach ranges of 160 m, 500 m, 1 km, and 10 km are plotted in Figure 8.10, based on the

different channel fading models.

Figure 8.10 shows our experimental testbed measurements with the circle symbols to

compare with the modelled SER-SNR dependences. The measured SER follows the aggregate

(F&S, AT and non-zero bore-sight PE) fading models well, with the worst-case SER still

below the 1.8 × 10–2 error correction bound. We also note that the OSNRTX before the

coherent transmitter is determined by the comb line power of the platicon microcomb through

the relation of

OSNRTX =
G · Pline

G · Pline / OCNRline + [2πnsph̄νBref(G – 1)]

where Pline is the power level of the WDM carrier, G is the gain of the C- and L-EDFA after

the C/L band WDM, nsp is the spontaneous emission factor, h̄ is the normalized Planck’s

constant, ν is the carrier optical frequency, and Bref is the OSA resolution bandwidth [219].

The received SNR in the PDM-WDM system is then calculated by SNR = Bref
Bs

OSNRRX,

where BS is the symbol rate and OSNRRX is related to the after-transmitter EDFAs noise

figures and the OSNRTX.

Figure 8.11 further shows the examination of the power penalty plots for higher-order ad-

vanced modulation including from 16-QAM to 256-QAM formats with polarization diversity.

While the higher-order format affords a higher data rate naturally with our platicon micro-

comb, it has a tighter requirement on the OSNRRX (SNR) for a given SER threshold. Our

measured testbed parameters are illustrated in Figure 8.11 too. Our measurements show an

estimated power penalty resulting from the AT and PE effects as 1.0± 0.5 and 4.0± 1.0 dB
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Figure 8.11: Power penalty for different advanced modulation formats. Modeled SER-SNR require-

ments, and scaling of the free-space link for different advanced modulation formats, signaling with

20 Gbaud each. Likewise, our testbed data points are listed with the same experimental conditions

as Figure 8.10.

respectively. Based on our model, the SER over short-reach free-space link is bounded by the

OSNRTX and system ASE noise floor. Conversely the long-reach link is bounded by channel

fading including atmospheric attenuation and intensity scintillation such as from adverse

weather conditions of rain, wind, snow, and fog. This demonstrated microcomb transceiver

not only serves as a high-rate wireless backhaul for atmospheric free-space data transmission

over short- or long-reaches, but also offer a compact high-rate solution for ground-to-satellite

scenarios.

8.5 Summary

A chip-scale microcomb-based coherent transceiver for point-to-point atmospheric free-space

data transmission is demonstrated. The spectral flatness and the pump- to-comb-lines power

conversion efficiency of the microcomb is enhanced by the optimized waveguide spatial mode
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interaction. First, 56 optical carriers spanning from 1540 nm to 1600 nm with the 115 GHz

carrier spacing are examined for PDM-WDM coherent data transmission with the aggregated

line data rate capacity up to 8.96 Tbit/s for error-free data transmission. The corresponding

net spectral efficiency normalized to the channel spacing is 1.28 bit/s/Hz. To expand the

point-point link into distributed wireless multiple-access network scenario, the PDM-SISO

coherent data transmission is carried out with 35 independent channels. The PDM-SISO

allows better noise tolerance and overcomes the impact from the residual pump ASE noise.

An aggregated data rate capacity up to 5.6 Tbit/s is achieved, verified with the measured

EVMs for the dual-polarization link below the error-free correction threshold of 12.5%. The

effects of turbulence-induced intensity scintillation and pointing error fluctuations on the

free-space data transmission link is characterized by continuous monitoring of the measured

BER, with the BER degradation determined. Our link measurements are compared to

theoretical limits induced by channel fading models of low-visibility fog and snow, log-normal

atmospheric turbulence, and non-zero boresight pointing errors. Furthermore, the SNR

requirements for the higher-order modulation scaling are described in both measurement

and theory when considering the transceiver noise and channel non-idealities. The data

transmission performance is bounded by the OSNRTX and system ASE noise floor for short

reaches and contrastingly bounded by channel fading including atmospheric attenuation and

intensity scintillation for long reaches. The communication data rate can be expanded by

utilizing the EDFAs with broader gain bandwidth and using more advanced modulation

format in the super-channel scheme. Due to strong correlation of stochastic frequency and

phase variations of the optical carriers, joint phase estimation can be also explored. To

further expand the data transmission coverage (10s km), the come line power of the platicon

microcomb needs to be further improved. This demonstrated chip-scale transceiver serves

as a potential platform for broadband connectivity, advanced Gaussian relay networks, and

terrestrial and backhaul links.
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APPENDIX A

Device design and characterization

A.1 Dispersion characterization method

A.1.1 Swept wavelength interferometry

Figure A.1: Swept wavelength interferometer for dispersion measurement. The swept input laser

is clocked with a highly-imbalanced MZI with 2.2 MHz optical frequency sampling resolution, and

referenced against the optical transitions of an HCN reference gas cell. FC: fiber coupler; FPC:

fiber polarization controller; PBS: polarization beam splitter; PD: photodetector; HCN: hydrogen

cyanide.

Figure A.1 shows the schematic setup of the high resolution swept wavelength interfer-

ometer, which is applied for dispersion measurements of all the microresonator discussed in

this thesis. Here we use the 88 GHz tapered microring resonator as an example. The mi-

croresonator transmission (Figure 3.1e), from which FSR values are determined, is measured
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using a tunable laser swept through its full wavelength tuning range at a tuning rate of 60

nm/s. For absolute wavelength calibration, 1% of the laser output was directed into a fiber

coupled hydrogen cyanide gas cell (HCN-13-100, Wavelength References) and then into a

photodetector (PDREF). The microresonator and gas cell transmissions are recorded simul-

taneously during the laser sweep by a data acquisition system whose sample clock is derived

from a high-speed photodetector (PDMZI) monitoring the laser transmission through an

unbalanced fiber Mach-Zehnder Interferometer (MZI), which guaranteed uniform frequency

sampling. The MZI has a path length difference of approximately 90 m, making the mea-

surement optical frequency sampling resolution 2.2 MHz. The recorded resonances around

the pump mode shows the critical coupling of our microresonator. It further proves that

our tapered microresonator design not only engineers the dispersion, but also effectively

suppresses transverse mode coupling. The absolute wavelength of each sweep is determined

by fitting 51 absorption features present in the gas cell transmission to determine their sub-

sample position, assigning them known traceable wavelengths and calculating a linear fit in

order to determine the full sweep wavelength information. Each resonance is fitted with a

Lorentzian line shape and the dispersion of the microring resonator is then determined by

analyzing the wavelength dependence of the FSR.

A.1.2 frequency-comb-assisted diode laser spectroscopy

In order to further confirm the close-to zero net cavity dispersion of our design for the 88

GHz microring, we utilize a second dispersion measurement method, frequency comb assisted

diode laser spectroscopy, shown in Figure A.2. A broadband tunable laser with tuning range

of 80 nm around 1580 nm is used to generate RF beat notes with an erbium-doped-fiber-

laser-based frequency comb (MenloSystems GmbH), which has repetition rate frep = 250

MHz, centered at 1560 nm, with accuracy of 10–14 and stability of 5 × 10–13 at 1 second.

And its fceo is fully locked to an optical reference, which means all the comb modes are fixed

at well-defined frequencies. The beat notes are detected by a photodetector (PDREF) with
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bandwidth of 150 MHz. Then the beat signal is selected by two narrow band-pass filters,

Figure A.2: Menlo-comb assisted dispersion measurement. BP1: 70 MHz, BP2: 35 MHz. FC: fiber

coupler; FPC: fiber polarization controller; PBS: polarization beam splitter; PD: photodetector;

BP: band-pass filter.

centered at 35 MHz and 70 MHz, respectively (bandwidth of 2.3 MHz), which gives out 4

frequency markers in each frequency comb line interval. By setting the scanning speed of the

diode laser at 40 nm/s, the total 155,000 frequency markers are recorded by two ports of a

high speed four-channel oscilloscope supporting 31,250,000 data points per channel, leading

to a resolution of 352 kHz per data point. The remaining two channels are used for recording

the transmission of the microcavity and 51 absorption lines of HCN gas cell. Then all the

markers are located through an adaptive peak-finding algorithm, and a spline interpolation

of the markers is used to retrieve the instantaneous frequency of the diode laser, while one

absorption line of the gascell is used to calibrate the absolute frequency. Then the dispersion

of the microring resonator is again determined by analyzing the wavelength dependence of

the FSR. The mean value of the net cavity GVD of the tapered microring from the 10

measurements is -6.4 fs2/mm.

124



A.2 Device design

A.2.1 88 GHz microresonator design

Figure A.3: Simulated GVD and TOD of the tapered microring for the fundamental mode TE00

of the 88 GHz tapered microring. a and d, The dispersions for different waveguide widths. b

and e, The dispersions at pump wavelength (1598.5 nm) changed with the waveguide width of the

microcavity. c and f, The dispersion at pump wavelength (1598.5 nm) changed with the length of

the microcavity.

The microring has a diameter of 500 μm and tapered widths from 1 μm to 4 μm to provide

variation in effective mode index, neff , and dispersion management along the cavity. The neff

of the fundamental mode TE00 is modelled via COMSOL on 50 nm triangular spatial grid

with perfectly-matched layer absorbing boundaries and 5 pm spectral resolution. Since the

microring diameter is sufficiently large, the bending loss and the bending dispersion of the

resonator waveguide are negligible in our microring resonators. Using the 4th order accurate

central finite difference method, we numerically evaluate GVD and TOD in accordance with

formulas: GVD = λ
3

2πc20

d2

dλ2
neff and TOD = – λ

4

4πc30

(
λ
d3

dλ3
neff + 3 d2

dλ2
neff

)
. The GVD of the
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fundamental mode (TE00) of the microcavity proceeds from normal to anomalous, then back

to normal when the waveguide width adiabatically increases from 1 μm to 4 μm, as shown

in Figure A.3b. When light propagates through the tapered microring, the path-average

dispersion, Dave, is an arithmetic mean of dispersion in each segment:

Dave =
1

C

∫
resonator

D(λ, s)ds

, where C is the total length (i.e. circumference) of the microcavity; D(λ, s) is the dispersion

at wavelength λ, and segment at position s. The increment ds is set as 400 nm. Continuous

function of the GVD and TOD with respect to waveguide width and length of the microcavity

are obtained using a cubic spline interpolation of the COMSOL modeled discrete data points

(blue and red line in Figures A.3b and A.3e). The fitted functions are then used to calculate

the path-averaged dispersions based on equation above. The path-averaged GVD and TOD

of the tapered microring at pump wavelength are -2.6 fs2/mm and -397 fs3/mm respectively.

A.2.2 19 GHz microresonator design

Figure A.4 shows the calculated GVD and TOD of fundamental TM mode in different waveg-

uide width and tapered 19 GHz Si3N4 microresonator based on effective index simulation

via COMSOL. The 19 GHz microresonator has 74% tapered straight waveguide and 26%

bending waveguide. The straight tapered waveguide starts from 1 μm width to 2.5 μm

width and then back to 1 μm width to seamlessly connect the bending waveguide. And

the overall GVD for the tapered microresonator is around 50 fs2/mm, which is close to our

measurement, while the overall TOD is about -1,000 fs3/mm at pumping wavelength.
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Figure A.4: Simulated GVD and TOD of the tapered microring for the fundamental mode TE00

of the 19 GHz tapered microresonator. a, GVD modelling for different waveguide width, at fixed

waveguide height of 800 nm. b, TOD modelling for different waveguide width, at fixed waveguide

height of 800 nm. c, Net GVD of the designed tapered waveguide. d, Net TOD of the designed

tapered waveguide.

A.3 Microcomb characterization method

A.3.1 Pulse characterization with frequency-resolved optical gating

We measured the pulse duration via sub-femto-joule sensitive second-harmonic-generation

(SHG) non-collinear frequency-resolved optical gating (FROG). Since the comb-line power

of the soliton state was too low, a C-band erbium-doped fiber amplifier (EDFA-C) was ap-

plied after the comb was filtered out by a low-pass filter (LPF). The dispersion introduced

by the amplifier and SMF connected the soliton generation setup, and the second-harmonic
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generation (SHG) setup was carefully compensated by dispersion compensation fiber (DCF).

Then, the SHG was sent into a Horiba 1000M series II spectrometer for the FROG mea-

surement. Then, commercial FROG retrieval software (Swamp Optics, LLC.) was utilized

to retrieve the temporal profile and phase information of the soliton state. To achieve the

FROG measurements, the specific soliton state was maintained for at least 30 minutes to an

hour.

Figure A.5: Frequency-resolved-optical gating (FROG) measurement. a, Original FROG measure-

ment after de-noising. b, FROG mapping retrieval via commercial software. c, Pulse shape (black

line) and temporal phase (blue line) retrieved from the FROG measurement. The FWHM pulse

duration is measured to be 167 fs. The residual chirp q is determined to be -0.1672.

Figure A.5 shows the data of FROG measurement. The retrieved mapping looks highly

alike the original measurement after de-noising, showing a FROG retrieval error at 0.01.

Since the 3-dB bandwidth of the filtered and amplified comb is ≈ 30 nm centered at 1560 nm,

the retrieved ≈ 167 fs FWHM pulse duration shows a close-to-transform-limited Gaussian

pulse. The residual chirp q is determined to be -0.1672, showing a slightly negative chirp,

while, from simulation, the chirp q at the coupling region is -0.1325. Such small difference

is inevitable due to limited combination of single mode fiber and DCF of the fiber link.

128



A.3.2 Ultrafast temporal magnifier

The UTM is based on the mathematical analogy between the diffraction of an electromagnetic

beam and dispersive propagation of an electromagnetic pulse (Figure A.6). The total group

delay dispersion (GDD), defined as the product of the GVD and the length of the dispersive

medium, is analogous to the propagation distance which determines how much a beam is

diffracted. An optical lens imparts a spatial quadratic spatial phase that is proportional

to k/f, where the focal length f is a measure of the diffraction required for removal of the

phase imparted by the lens. Similarly, one can create a time lens by imparting a quadratic

temporal phase (linear frequency chirp dω / dt) to a waveform. A temporal focal GDD, Df ,

is defined as the GDD required for removal of the quadratic phase imparted by the time lens.

An UTM system is created by cascading an input GDD (D1), a time lens, and an output

GDD (D2) in proper measure to satisfy the temporal imaging condition:

1

D1
+

1

D2
=

1

Df

A waveform of arbitrary shape passing through this system emerges temporally rescaled with

magnification:

MUTM = –
D2

D1

The parameters of the UTM components are shown in the Table A.1. To characterize the

performance of the UTM system, a transform-limited femtosecond pulse with a bandwidth

of 8 nm and a center wavelength of 1543 nm was used as the test input, as shown in Figure

A.6. The pulsewidth of the test input was independently measured to be 450 fs by a second-

harmonic generation autocorrelation setup. We used the UTM to measure the 2D mapping

of the dissipative Kerr soliton dynamics. Our UTM was implemented though four-wave

mixing (FWM) in a 50-m highly nonlinear fiber (HNLF). The HNLF (OFS) had a zero-

dispersion wavelength (ZDW) of 1556 nm and a dispersion slope of 0.019 ps/(nm2·km). The

nonlinear coefficient was 11.5 W–1 · km–1. The FWM pump was derived from a stabilized

femtosecond Mode-locked fiber laser, and its spectral component from 1554 nm to 1563
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Figure A.6: Schematic setup for the UTM. To increase the SNR and reduce the aberration, the

measurement frame rate is sacrificed to 25 MHz by picking 1 pulse out of 10 with an EOM driven

by a synchronized AWG (red dashed box). Inset: the spectrum for the input comb, pump and

output signal. Inset: The spectra of the UTM. The blue, red, and green is the input comb signal,

pump and output signal, respectively.

nm was first filtered out by wavelength-division multiplexing (WDM2) and subsequently

amplified by a C-band erbium-doped fiber amplifier (EDFA-C) to 50 mW. Before the signal

and the pump were combined via WDM3 into the FWM stage, they were chirped by D1

and Df , respectively, through two spools of SMF-28. The generated idler was filtered out via

WDM4 and then chirped by the output dispersion D2 through a spool of DCF. Finally, the

filtered and chirped idler was amplified by an L-band erbium-doped fiber amplifier (EDFA-

L) to 100 μW before it was sent to a 25 GHz amplified photodetector (PD2) and an 80

GS/s real-time oscilloscope for detection. For the correlation measurements, the ECDL

laser frequency scan and the oscilloscope data acquisition system were synchronized using

a multi-channel pattern generator. All of the electronics were commonly referenced to an

Rb-disciplined crystal oscillator for accurate timing.
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Device 1st UTM 2nd UTM

WDM1 μm 1538 - 1557 nm 1538 - 1557 nm

D1 μm -5.2 ps/nm -27.45 ps/nm

WDM2 1554 - 1563 nm 1554 - 1563 nm

Df μm -9.5 ps/nm -55.8 ps/nm

HNLF HNL-DSF 50 m HNL-DSF 50 m

D2 μm 372 ps/nm 1.7 ns/nm

WDM4 1569 - 1610 nm 1569 - 1610 nm

Table A.1: Parameters of the UTM components.

A.3.3 Self-heterodyne linear interferometry

A diffraction grating pair is used to select the comb lines for the timing jitter PSD measure-

ment. We first optimize the noise floor of the SHLI by improving the signal-to-noise ratio of

the detected RF signal at 100 MHz. Secondly, we minimize the relative delay time between

the two optical comb lines (νn = 190.11 THz, νm = 192.55 THz) and power difference of the

two arms of SHLI, to enable the suppression of the common-mode noise. Thirdly, we opti-

mize the delay time for the soliton microcomb based on two criteria: the first is to maximize

the timing jitter measurement sensitivity and the second is to expand the measured Fourier

offset frequency range. The fiber delay length was optimized to be 49 m. The detected RF

power at the output of the two PDs are 14 and 19 dBm.

The fiber-delay-lined-based phase noise measurement is averaged measurement which is

not a real-time measurement. The photodetected signal of each mode is filtered at faom and

mixed by an RF mixer to reject the common-mode fceo noise. This down-converted RF mixer

output contains the repetition-rate phase noise or timing jitter as a form of δ[τ(m – n)frep].

The frequency fluctuations of the two selected optical comb lines are converted into voltage
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fluctuations with the transfer function

ΔV(f) ∝ Kφ
|1 – e–i2πfτ|

|i× f|
(m – n)ΔfR(f)

where Kφ is the peak voltage at the double-balanced mixer output. In chapter 4, we used

Figure A.7: Frequency discrimination and timing jitter measurement calibration. a, Example

measured heterodyne beat note at the 100 MHz frequency. b, Frequency discrimination calibration

of the system at 6.75 μV/Hz from 1 to 100-kHz offset. c, Measured frequency noise power spectral

density of 3-Hz2/Hz at 3-kHz offset and 3×10–3 Hz2/Hz at 100-kHz offset.

49-meter fiber for timing jitter power spectral density measurement in the fiber Michelson

interferometer. The time delay is around 0.49 μs corresponding to Fourier frequency of 2.04

MHz. This Fourier frequency set the upper offset frequency bound for our measurement.

For the self-heterodyne linear interferometry timing jitter measurement technique, the het-

erodyne beat note, frequency discrimination calibration and the measured frequency noise

are illustrated in the Figure A.7. The heterodyne detection beat note magnitude and delay

time determines the frequency discrimination sensitivity via:

ΔV(f) /ΔfR(f) ∝ Kφ
|1 – e–i2πfτ|

|i× f|
(m – n)
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To characterize the system sensitivity, we carried out the experiment by setting m = n,

wherein the noise floor is determined after common-mode noise rejection. The measured

timing jitter measurement sensitivity is illustrated in Figure A.8 where we set the delay

time to τ = 489 ns, 742 ns, and 1.24 μs. First, we calibrate the timing jitter sensitivity as

shown in Figure A.8a which shows the timing jitter power spectral density noise floor of

1.6 × 10–10 fs2/Hz. Over the same integrated frequency range of the timing jitter power

spectral density, the integrated timing jitter is less than 0.1 fs. The system sensitivity

calibration of sub-fs timing resolution shows the self-heterodyne linear interferometry could

enable the femtosecond timing jitter characterization.

Figure A.8: The timing jitter measurement sensitivity. a, The determined timing jitter measure-

ment sensitivity with different delay times. b, The determined timing jitter power spectral density

and integrated timing jitter of the self-heterodyne linear interferometer noise floor.

A.3.4 88 GHz repetition rate measurement

To measure the ≈ 88.58 GHz microcomb repetition rate, which is beyond our direct electronic

measurement capability, we implement an electro-optic modulation approach to measure the

repetition rate via modulation sidebands. Fig. A.9 shows the experimental setup (panel a),

measurement approach (panel b), and repetition rate (frep) measurement for free-running
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Figure A.9: 88 GHz repetition rate measurement. a, schematic setup. b, Mechanism of repetition

rate measurement through EOM modulation. c, Frequency stability of soliton microcomb in terms

of Allan deviation.

soliton microcomb (panel c). In a nutshell, the microcomb lines separated by 88.5 GHz (frep)

are modulated by an electro-optic phase modulator (EOM), which is driven at 14.355 GHz

(fEOM) and generates several orders of optical sidebands between two adjacent comb lines.

The EOM-driven sidebands from two adjacent comb lines generate a beat frequency (fbeat)

at a low-frequency region (≈ 2.45 GHz in our case), which lies within the detection range

of our current electronics. The frep can thus be determined via the EOM driving frequency

and beat frequency with fr = n · fEOM + fbeat, where n is the sideband integer number (n

= 3 in our case) as shown in Fig. A.9b. The beat frequency at low frequency is measured

to determine the repetition rate at the high frequency region. In order to characterize the

repetition rate stability, the beat frequency fbeat is down mixed with another local oscillator

(fLO) to tens of MHz level, and then directly measured by frequency counter for over 2,000-

sec. The stability results are shown in Fig. A.9c. The repetition rate is ≈ 88.5799892 GHz
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with total drift of 70 MHz over 2,000-sec. The Allan deviation is at the ≈ 7 × 10–8 even

when up to 400-sec integration time.

A.3.5 Dual-comb cross-correlation

Figure A.10: Schematic setup for dual-comb cross-correlation. An ultrashort pulse with repetition

rate of 250 MHz is utilized to probe the flat-top square pulse, and then the convolution is achieved

through SHG.

Figure A.10 illustrates the principle of the dual-comb cross-correlation. The pump mod-

ulation frequency (and thus the platicon frequency comb spacing) and the Menlo fiber ref-

erence laser comb spacing are both referenced to the same Rb-disciplined crystal oscillator.

By tuning the Menlo fiber laser comb spacing close to 78 times of the modulation frequency,

dual-comb cross-correlation can be achieved due to the temporal walk-off between the pi-

cosecond platicon and the femtosecond reference pulse. The two locked pulse trains will

have a time lag Δt = T2 – 78T1, after every 78 cycles of the square pulse train. With both

stable pulses trains sent into two half-wave plates (HWPs) and polarization beam splitters

(PBS) and then aligned into a bulk barium borate (BBO) for second-harmonic generation,

the cross-correlation sampled signal is collected by a 700 Hz femto-joule avalanche photodi-

ode (APD). A high-speed oscilloscope is then used to record the platicon temporal shape.

Figure 6.9b of the main text shows the observed 17 ps flat-top pulse train. The rising edge
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has a 10-to-90% rise time of 5.6± 0.48 ps, and the falling edge has a 90-to-10% fall time of

9.54± 0.82 ps, sampled over 100 pulses. Notably, such rising and falling time could not pre-

cisely reflect the real scenario. The resolution of the cross-correlation method is determined

by the pulse width of the Menlo fiber laser comb. However, in order to suppress the nonlinear

effect of the Menlo comb itself in the cross-correlation, the fs fiber laser is pre-chirped, which

would substantially reduce the resolution of the cross-correlation method. Hence, instead of

precisely measure the square pulse, the measurements here only qualitatively characterize

the flat-top feature and the pulse width of the platicon pulse. The numerical modelled 17 ps

platicon pulse reveals that the rising and falling edges to be 0.31 ps and 0.7 ps, respectively.
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APPENDIX B

Theoretical analysis of microcomb dynamics

B.1 Dynamics in tapered microring

Figure B.1 summarizes the simulation results showing the intracavity evolution of pulse

duration Δτ and the stable femtosecond pulse train coupled out of such stretched-pulse mi-

crocavity, modelled via coupled nonlinear Schrödinger equation described in chapter 3. We

use the varied GVD (Figure A.3c) and TOD (Figure A.3f) to simulate the pulse dynam-

ics. The circumference of the tapered-microcavity is finely divided into 120 segments with

different GVD and TOD value, modelled in COMSOL, for different waveguide width, and

the GVD and TOD is assumed uniform for each step. 2,001 modes centered at the pump

are incorporate in the NLSE modeling. We also note that the mean-field approach could

be examined for this cavity, even with the dispersion modulation, which would simplify the

computational approach.

Our nonlinear simulation starts from vacuum noise and is run for 1.5 × 105 roundtrips

until the solution reaches the steady state. For every round-trip, the dispersion-managed

dissipative soliton (DM-DKS) experiences a full cycle of stretching and compression between

29.9 fs and 32.3 fs (Figure B.1a). Evanescent coupling occurs at position 0, and a stable

30.05-fs pulse train is coupled out of the stretched-pulse microcavity, and Figure B.1c shows

the 10 consecutive pulses of the stable 30.5-fs pulse train coupled out of the microcavity.

The output pulse train is stable even though the intracavity pulse is breathing.

The dynamic range of pulse stretch in the 88 GHz dispersion-managed tapered microcav-
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Figure B.1: Simulation of the DM-DKS in Si3N4 microring. a, Temporal intensity and phase at

different positions in the cavity. The maximum Δτ of the pulse is 32.3 fs (at one fourth of the length

of the cavity) and the minimum Δτ of the pulse is 29.93 fs (at around half of the length of the

cavity). b, The stable output of the 30.05 fs pulse train. c, NLSE modeled dissipative Kerr soliton

dynamics with oscillating pulse duration due to dispersion management in a 19 GHz microcavity.

d, The variation of the pulse duration Δτ of the dispersion-managed dissipative soliton along the

cavity.
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ity is 1.08. The reason for such small pulsewidth variation (2.4 fs) is two-fold. One reason is

that the pulse experiences negative chirp, zero chirp and positive chirp in a single roundtrip,

which also causes the asymmetry in Figure 3.3a i&ii. The other reason is that the cavity

length is relatively small, so the accumulated chirp is not enough for larger pulsewidth vari-

ation. To explain this, we apply the same cavity design in a larger cavity (8.1 mm, 19 GHz

FSR). The simulated results are shown in Figure B.1c,d. The dynamic range of dynamic

range of pulse stretch in the 19 GHz dispersion-managed taper microcavity is 1.17 and the

pulsewidth variation range is 11 fs.

In order to theoretically study the enlarged soliton stability zone of dispersion-managed

tapered microcavity, Numerical simulations of both dispersion-managed microcavity and

uniform microcavity are performed to map out the stability zone of the solitons. The maps

the soliton characteristic step zone with pump power vs. detuning, of both cavities is illus-

trated in Figure B.2. 10,000 roundtrips with a detuning step size of 10 μrad are performed

for each pump power parameter. The white squares are simulation result we obtained. Then

spline interpolation is applied to map the stability region. The black region shows chaotic

state or off-resonance, the red region shows in such detuning step size, single soliton is suc-

cessfully observed, and the purple region shows that no single soliton is observed but only

single breather soliton is observed. In dispersion-managed resonator, single soliton is still

successfully observed when the pump power is up to 260 mW while single soliton can only

be observed below 80 mW in uniform resonator. In addition, the highest attainable pulse

energy from single soliton in dispersion-managed microresonator is calculated 50% higher

than the uniform microresonator case. Although uniform resonator has larger stability re-

gion, the tapered resonator is more resistant to breather soliton instability in higher pump

power. It means that dispersion-managed tapered resonator could effectively enlarge single

soliton stability zone in higher pump power, which matches our experimental observation.
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Figure B.2: Numerical simulation of soliton stability zone in dispersion-managed tapered cavity

and uniform cavity. a, Soliton characteristic step mapping of dispersion-managed tapered cavity.

b, Temporal waveform of single soliton and the intracavity power along 10,000 roundtrip times in

tapered cavity. c, Temporal waveform of single breather soliton and the intracavity power along

10,000 roundtrip times in tapered cavity. The breathing frequency is around 126 MHz. d, Soliton

characteristic step mapping of uniform cavity. e, Temporal waveform of single soliton and the

intracavity power along 10,000 roundtrip times in uniform cavity. f, Temporal waveform of single

breather soliton and the intracavity power along 10,000 roundtrip times in uniform cavity. The

breathing frequency is around 126 MHz. i is temporal waveform and ii is intracavity power along

roundtrips. The black region is no-soliton zone. The red region shows single soliton observed in a

10 μrad detuning step. The purple region shows no single soliton observed in a 10 μrad detuning

step, where only single breather soliton is observed.
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B.2 Lugiato-Lefever Equation

When the investigation is not focusing on the intracavity dynamics, the external-driven

damped microcavity dynamics could be approximated by the mean field Lugiato-Lefever

Equation:

TR
∂

∂t
A(t, τ) =

√
αcAP– αc + αp

2
+ jδ – jLcav

∑
≥2

βk

k!

(
j
∂

∂τ

)k

– jγI(t, τ)

A(t, τ) (B.1)

where TR is the round-trip time, Ap is the external pump, A(t, τ) is the envelope function

of the platicon, t is the slow time corresponding to the evolution time over round trips, τ

is the fast time describing the temporal structure of the wave, AP is the external pump,

αp is the propagation loss, αc is the coupling loss, and δ is the pump-resonance detuning,

where ωc and ωp are the cavity resonance frequency and pump frequency, respectively. βk

describes the dispersion coefficient (β2 > 0 indicates normal GVD and β2 < 0 indicates

anomalous GVD), and we only consider second and third order dispersion in this case.

γ = n2ω0
cAeff

is the Kerr nonlinearity, in which n2 is the nonlinear refractive index and Aeff

is the effective modal area of the pumping transverse mode. When the absolute value of

β2 is large enough, the effect of higher order dispersions could be neglected, which is the

case in chapter 2. However, when β2 is close to zero, which is the case in chapter 4 and

5, β3 need also to be considered. Furthermore, in order to incorporate the AMX-induced

frequency shift, an additional frequency shift Δn is introduced to the nth mode, so that the

mode frequency becomes: ωn = ω0 +D1n + D2n2
2 +Δn. Δn is determined by the empirical

two-parameters model: Δn
2π =

–a/2
n–b–0.5 , where a is the maximum mode frequency shift and

n and b are the mode number and mode number for the maximum mode frequency shift,

respectively. Thermal effects and the Raman effect are not considered for the simulation.

From the cavity mode dispersion characterization, the cavity free-spectral range D1 / 2π =

88.52 GHz. Furthermore, we estimate the maximum frequency shift to be Δn/2π = 130 MHz
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at 1581.5 nm determined by the spectral peak in the soliton microcomb optical spectrum.

The estimated value is supported by comparing the simulated comb spectrum with the

experimental result, which are in good qualitative agreement. 2,000 modes centered at the

pump are incorporated in the LLE model. The simulation starts from vacuum noise and

runs for 1× 105 roundtrips until the solution reaches steady state.

B.3 Impact of Δ on the platicon generation with zero and positive

TOD

In order to quantify the impact of the modulation frequency deviation Δ on the platicon

microcomb, we introduce skewness, a measure to describe probability distribution of a real-

valued random variable about its mean in statistics, to quantify the asymmetry of the comb

line distribution. Here, we assign the comb line wavelength λi as the variable, where the

pump wavelength λpump as the mean, and the value Pi =
Ii

Itotal
of the log-scale comb line

intensity normalized to the total intensity as the probability for each comb line. Then the

skewness is defined as: skewness =
μ3–3μσ

2–μ3

σ3
, where μ3 =

∑
i λ

3
i Pi, μ =

∑
i λiPi, and

σ
2 =

∑
i λ

2
i Pi – μ

2. In our cases, zero skewness indicates a perfectly symmetric comb

spectrum, while negative skewness indicates more comb line power distributes on the longer

wavelenght (lower frequency), and positive skew means more comb line power distributes on

the shorter wavelength (higher frequency).

Figure S3(a-d) shows three simulated comb spectra of platicon at TOD = 0 fs3/mm,

with modulation frequency deviation Δ = -1000, 0, and 1000 kHz, as well as the skewness,

consistent with Figure 6.6. Note that the comb spectra here have frequency as the x axis,

while the skewness is flipped for direct comparison with Figure 3g, and it is why the comb line

distribution looks controdictary to the skewness plot. The skewness plot is central symmetric,

and we could see that when Δ=0, skewness is zero, which indicates a perfect symmetric comb

spectrum. When the TOD remain the small amount as the real case introduced in the main
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Figure B.3: Modeled platicon comb spectra and calculated skewness for Δ = -1000 kHz, 0 kHz,

and 1000 kHz when TOD = 0 and 1000 fs3/mm. a-c, modeled comb spectra for TOD = 0 fs3/mm.

d, Skewness for different Δ when TOD = 0 fs3/mm. e-g, modeled comb spectra for TOD = 1000

fs3/mm. h, Skewness for different Δ when TOD = 1000 fs3/mm.

text, but with negative sign (TOD = 1000 fs3/mm), the phenomenon is inverted compared

to the negative case (Figure 6.6). The platicon comb is asymmetric to longer wavelength

(lower frequency) when Δ=0, and the comb spectra will be more asymmetric when Δ is

positive, comparing to the negative case.
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APPENDIX C

microcomb-assisted hybrid spectrally-resolved and

homodyne interferometry characterization

C.1 Data processing for the distance metrology

C.1.1 Fundamental minimum and maximum measurement range

To determine the distance, the reference and measurement pulse should be separated in the

time domain. The minimum measurable distance (Lmin) is determined by pulse duration

used in the distance measurement. Lmin can be expressed as Lmin = co / (2Δν), where Δν

is a spectrum bandwidth. In our case, Lmin is estimated to be 30 μm considering 5 THz

spectrum bandwidth of soliton microcomb. The fundamental maximum measurable distance

(Lmax) is upper-bounded by the coherence length of the light source and can be expressed

as Lmax = co / (2δν), where δν is the linewidth of the light source. In our case, the Lmax

limit is estimated to be 1 km considering the 150 kHz linewidth of soliton microcomb.

C.1.2 Nonlinear curve fitting for precise peak detection

To precisely determine the peak position τTOF in time domain, we implement polynomial

curve fitting near peak position as I(τ) = Aτ2 + Bτ + C. Data points for curve fitting are

symmetrically chosen with 3 or 5 points around the peak position. The peak position is

determined when its first derivative is equal to zero as dI(τ) / dτ = 2Aτ + B = 0. Thus the

peak position is simply determined from τ = –B / 2A.
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C.2 Bounds on the measurement precision of homodyne interfer-

ometry

We found our measurement repeatability of the homodyne interferometry seems to be lim-

ited by environmental long-term drift including drift of refractive index of air and thermal

expansion of the target distance. To evaluate ultimate measurement precision regardless of

the long-term drift, we use 0.05 Hz high pass filter to minimize long-term drift effects on

the precision. Figure C.1 shows comparison between raw data and high pass filtered data.

For the high pass filtered case, a standard deviation (1σ) is improved to 3.9 nm and slowly-

varying fluctuation disappears. If we assume that target is ideally fixed without long-term

drift, measurement stability can be improved to be 0.15 nm at 100 seconds averaging time.

Such measurement stability is close to commercial HeNe laser interferometry.

Figure C.1: Evaluation of measurement repeatability of homodyne interferometry. a, Time trace

of homodyne interferometry during 1,000 seconds with raw data marked in yellow color. Its 0.05

Hz high pass filtered data is also plotted with gray color. Right inset shows those histogram b,

Measurement precision in terms of Allan deviation, with 0.05 Hz high pass filtering to remove the

long-term drift. Sub-nm measurement stability at 100 seconds averaging can be observed.
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Figure C.2: Measurement of a reference gauge block cross-section via x-axis scanning. a, Mea-

surement scheme for cross-section of gauge block with x-axis scanning stage. b, Reconstructed

cross-section of a gauge block. c, The gauge block height is found to be 3.001237 mm and 3.001104

mm from soliton microcomb spectral interferometry and homodyne interferometry, matching well

with reference specified height. d, Measurement repeatability of the gauge block height.

C.3 Position calibration of motorized stage and measurement

range dependent imprecision by soliton microcomb-based SRI

To validate the microcomb SRI for potential 3D surface measurement, we measured a cross-

section of a standardized gauge block, used for practical length metrology in 3D surface

measurements and industry standards. We replaced the reference mirror in the interferometer

part with the gauge block to measure the cross-section of the 3 mm height gauge block

(Starrett RCM, 3.0 Al) that has a 300 nm uncertainty. The reference beam is made with

a 4% Fresnel reflection from the end of FC/PC fiber ferrule. The transmitted beam is

reflected from the target surface and sent to the optical spectrum analyzer along with the
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reference beam. The gauge block is mounted on a flat mirror and the stage made an on-

axis translation with 1.27 mm (0.05 inch) steps as shown in Figure C.2a. The distance

at each step is recorded with 5 data points. The gauge block height is determined by the

difference of the absolute distances between mirror and gauge block surface, with the same

empirical air refractive index of 1.000247 as noted above. The measured cross-section of

the gauge block is shown in Figure C.2b,c. The height of gauge block was found to be

3.001237 mm and 3.001104 mm from the microcomb SRI and homodyne interferometry

respectively. We also found a different slope height between the mirror (1.413μm/mm) and

gauge block surface (-1.817μm/mm). A tilting (cosine) error from imperfect plane-to-plane

alignment may introduce the measurement error of 1.237 μm. As shown in Figure C.2d, the

measurement repeatability taken over 5 consecutive measurements is determined to be 327

nm and 11.4 nm from microcomb SRI and homodyne interferometry, respectively as the 1σ

standard deviation.
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APPENDIX D

Platicon based free space communication

implementation

D.1 Platicon frequency microcomb generation and characteriza-

tion

Figure D.1 shows the experimental setup of the 115 GHz platicon frequency microcomb

generation and characterization for the free space data transmission experiment. The normal

dispersion microcomb is generated by pumping a silicon nitride microresonator with an

ECDL. A FPC and a PBS are placed before the microresonator to optimize the pump

polarization at the TM polarization. The pump light is amplified by an EDFA at an output

power up to 36.5 dBm. After the EDFA, a free-space BPF is applied to suppress ASE noise.

A pair of achromatic lenses is applied to couple light into and out of the microresonator,

with approximate 3-dB loss per facet. Then the coupled-out light is collected into a series

of fiber links through a free space collimator. The collected light is divided into several

paths for further characterization and application, while the majority (99%) is sent for data

transmission, and the remaining light is used for monitoring the optical spectrum, intensity

noise (DC to 1 GHz) and output power, with OSA, ESA and power meter, respectively.

In the data transmission path, a fiber Bragg grating (FBG) notch filter with a 0.25

nm bandwidth is implemented to suppress the pump laser up to 40 dB. Inset i shows the

resonant mode spectrum including the fundamental mode (quasi-TM00) and higher order

mode (quasi-TM10). The platicon frequency microcomb is generated by sweeping the pump
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Figure D.1: Experimental setup of platicon frequency microcomb generation and the microresonator

cavity mode dispersion design and characterization. a, Experimental setup of the 115 GHz platicon

frequency microcomb generation and characterization. Inset i: the measured cavity mode spectrum

with the avoided-mode crossing from transverse mode families coupling. b, Computed cavity mode

dispersion from finite-element modeling for different waveguide heights. The waveguide width is

fixed at 2 μm, while the waveguide height varies from 750 nm to 800 nm. c, Free spectral range

characterization for the resonances of the different transverse mode families from swept-wavelength

interferometry. The two transverse mode families, quasi-TM00 and quasi-TM10 have distinct FSRs,

indicating that microcomb is excited in the quasi-TM10 mode family.
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wavelength from shorter wavelength to longer wavelength towards quasi-TM10 resonance

near AMX. The AMX facilitates the frequency microcomb generation in normal dispersion

regime. Figure D.1b shows the calculated GVD by varying the waveguide height at the

fixed waveguide width to explore the fabrication height uncertainty. The waveguide height

is varied from 750 to 800 nm while the width is fixed at 2 μm. Figure D.1c depicts the

dispersion characterization of the designed microresonator. Through the SWI and mode

family identification processes, two quasi-TMmode families are identified, with FSRs of 111.5

GHz and 114.5 GHz, respectively. The 115 GHz microcomb line frequency spacing confirms

that the microcomb is generated in the quasi-TM10 mode family. Second-order polynomial

fitting is applied for both mode families to extract the GVD and TOD. The fitting results

show that the quasi-TM00 mode family with D2 / 2π = –310 kHz and D3 / 2π = 8.6 kHz,

and the quasi-TM10 mode family with D2 / 2π = –428 kHz and D3 / 2π = 6 kHz. Both mode

families have normal GVD. By comparing the measured and calculated dispersion, we can

pinpoint that our normal-dispersion microresonator has ≈ 2 × 0.75μm2 cross-section with

an ≈ 6% thickness or waveguide width uncertainty. Insets are the calculated Ey-field mode

profiles from finite-element computation for a waveguide cross-section of 2× 0.75μm2.

The Figure D.2 depicts the platicon frequency microcomb dynamics depending on the

pump-resonance detuning. Figure D.2a and D.2b present the simulated and measured optical

spectra. The microcomb starts from primary comb lines with 5-FSR away from the pump,

then transit into a breathing state with breathing frequency of 400 MHz, then evolves into

low noise states. With forward tuning of the laser wavelength, the microcomb remains low

intensity noise, with increasing comb bandwidth. Figure D.2c shows the measured intensity

noise power spectrum corresponding to the microcomb states in the Figure D.2b. Note

that in the current microcomb evolution dynamics, no high noise states are observed in the

simulation and experiment. When the AMX frequency shift is large enough, high noise

state will start to occur. We note that for our data transmission measurements, the platicon

microcomb low-noise state is stable for at least five to ten hours, without any active feedback
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control or additional mechanisms. Only a high-precision temperature controller is needed to

stabilize the chip and microring temperature.

Figure D.2: Broadband platicon frequency microcomb and coherent mode-locked pulse genera-

tion metrology. a, Modeled platicon frequency microcomb at different pump-resonance detunings

through the Lugiato-Lefever equation, starting from the primary microcomb lines aided by the

AMX to platicon frequency microcomb, with the tunable optical bandwidth and different spectral

asymmetry. b, Corresponding measured platicon frequency microcomb at the different pump-

resonance detunings where the measurements agree well with the modeling. c, Intensity noise of

the generated platicon mode-locked pulse.

Figure D.3 depicts the different simulated platicon frequency microcomb evolution dy-

namics with the high noise and breathing state. Figure D.3a depicts the 2D spectral evolution

and Figure D.1b shows the total microcomb power with respect to pump-resonance detun-

ing, from which we identify different comb states. In this simulation, the AMX frequency

shift is set at 720 MHz. In this evolution, the microcomb starts from primary comb line of

4-FSR away from the pump, then transits into high noise state, and later accesses a breath-

ing state. Eventually it transits into a low noise state with extending comb bandwidth as
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the detuning increases. Figure D.3c and D.3d are the selected optical spectral and temporal

profiles, respectively, depicting the four comb states discussed above.

Figure D.3: The simulated platicon frequency microcomb dynamics when the avoided mode fre-

quency shift is larger. a, The simulated optical spectral evolution with respect to the pump-

resonance detuning. b, Total microcomb power. c, The representatively optical spectral microcomb

spectra. d, The temporal profiles corresponding to c.

D.2 Free-space optical link implementation

The free-space link setup is denoted in Figure Figure D.4, which includes two beam ex-

panders, steering mirrors and an active feedback control system. Different collimators are

used for the transmitter and receiver to avoid spurious reflections in the link optical sig-

nal. To expand the testing range, a flat folding mirror is placed in the building II. In

the free-space atmospheric link, the random fluctuating sources include beam pointing and
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Figure D.4: Free-space link setup. Free-space atmospheric link setup. Inset: modeled optical

Gaussian beam wavefront using measured C2
n.

atmospheric refractive index fluctuations described by refractive index power spectrum. Tur-

bulence degraded wavefronts can be simulated and compensated by pre- or post-detection

processing, ideal lossless adaptive optics including a spatial mode digital coherent receiver

and a multimode pre-amplifier, few mode fiber and modes diversity coherent receipt. To

effectively suppress the pointing error of the free-space link and power fading induced by the

atmospheric turbulence, we developed the active feedback control locking system. Figure

D.5a-f show the free-running scenario and the active tracking scenario with beam stabiliza-

tion. Figures D.5c and 9d show the beam position of the received light beam along x-axis

and y-axis for the free-running and stabilized cases. A quadrant positional detector (Thor-

labs PDQ30C) with a 150 kHz servo bandwidth (KPA101) is used for the beam feedback

stabilization. We run this in closed-loop by controlling the piezoelectric adjusters of the

kinematic mirror mounts (POLARIS-K2S2P), with an active feedback control bandwidth of

1 kHz. (The link distance is 160 m which gives a traveling time delay of ≈ 520 ns and a

maximum corresponding bandwidth of 1.93 MHz.) Before beam stabilization, the x- and
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y-axis pixel fluctuations are respectively ± 0.697 and ± 0.553 mm (1σ). With active feed-

back locking system, the x- and y-axis transmission beam pointing errors are suppressed

respectively to ± 0.052 and ± 0.042 mm (1σ).

Figure D.5: Free-space link beam stabilization. a and b, Weather condition for the stabilized and

free-running link. c and d, Beam position distribution along x-axis and y-axis before and after beam

stabilization respectively. Insets: amplitude zoom-in, after beam stabilization. e and f, Received

optical power fluctuations before and after free-space beam stabilization.

Figures D.5e and f show the received optical power fluctuations before and after free-

space beam stabilization, respectively. Even with beam positional feedback stabilization, the

received power still fluctuates by 79%, which arises from residual pointing error, turbulence,

and laser intensity noise. In our link demonstration, the beam size is expanded 10 times

via an achromatic Galilean beam expander to 4 cm. Consequently, the power density of our

link is about 0.004 W/cm2, much lower than the IEC 60825 eye-safety requirements. In IEC

60825 standards, the maximum permissible exposure (MPE) – the highest power or energy

density (in W/cm2 or J/cm2) of a light source – at 1550 nm for 0.25 seconds (human blink
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reflex time) is 1 J/cm2. This corresponds to 4 W/cm2, for negligible probability of damage.
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T. W. Hänsch, and R. Holzwarth, “Space-borne frequency comb metrology,” Optica,
vol. 3, p. 1381, dec 2016.

[86] J. Lee, K. Lee, Y.-S. Jang, H. Jang, S. Han, S.-H. Lee, K.-I. Kang, C.-W. Lim, Y.-J.
Kim, and S.-W. Kim, “Testing of a femtosecond pulse laser in outer space,” Sci. Rep.,
vol. 4, p. 5134, may 2015.

[87] I. Coddington, W. C. Swann, L. Nenadovic, and N. R. Newbury, “Rapid and precise
absolute distance measurements at long range,” Nat. Photonics, vol. 3, pp. 351–356,
jun 2009.

[88] T. M. Fortier, M. S. Kirchner, F. Quinlan, J. Taylor, J. C. Bergquist, T. Rosenband,
N. Lemke, A. Ludlow, Y. Jiang, C. W. Oates, and S. A. Diddams, “Generation of
ultrastable microwaves via optical frequency division,” Nat. Photonics, vol. 5, pp. 425–
429, jul 2011.

[89] X. Xie, R. Bouchand, D. Nicolodi, M. Giunta, W. Hänsel, M. Lezius, A. Joshi, S. Datta,
C. Alexandre, M. Lours, P.-A. Tremblin, G. Santarelli, R. Holzwarth, and Y. Le Coq,
“Photonic microwave signals with zeptosecond-level absolute timing noise,” Nat. Pho-
tonics, vol. 11, pp. 44–47, jan 2017.

[90] A. Tikan, J. Riemensberger, K. Komagata, S. Hönl, M. Churaev, C. Skehan, H. Guo,
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