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Abstract

Abstract

With the rapid development of optical microcavity fabrication technology, the
quality factor has been improved, which greatly promoted the field enhancement
effect in the microcavity and created favorable condition for the generation of optical
frequency comb with low pump threshold. Researchers have firstly realized the Kerr
frequency comb with broadband optical spectrum via the silica microcavity in 2007,
which opened the door of the field of microcavity optical frequency comb.
Microcavity optical frequency comb breaks the many limitations of optical frequency
comb based on mode-locked laser, which can achieve the high repetition rate from
GHz to THz and exhibit the advantages of small size and low power consumption. It
has great potential in the fields of precision measurement, spectroscopy, optical
communication and microwave photonics. This dissertation presents the theoretical
and experimental research of microcavity optical frequency comb based on a
micro-ring resonator fabricated in high-index doped silica glass platform. We have
demonstrated soliton frequency comb generation via auxiliary laser  scheme and
breather soliton frequency comb generation via single pump scheme. The physical
phenomenon of periodic oscillation in time domain of breather soliton has been
explored by the energy sampling and RF spectrum measurement in the cavity. The
time domain and dynamic evolution process of the microcavity optical frequency
comb are measured and analyzed based on the dual-comb sampling and time-lens
technique, respectively. Based on the stable generation of microcavity optical
frequency comb, the experimental research of microwave signal generation has been
explored. Besides, quantum frequency comb has also been explored based on the
spontaneous four wave mixing of the microcavity. The main research contents and
achievements of this dissertation are following:

1. Soliton optical frequency comb based on microcavity is explored by auxiliary
laser scheme. The conversation of modulation instability to multiple soliton

microcavity optical frequency comb has been realized in a microcavity with a FSR of
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49 GHz by reasonably setting the frequency of the pump and auxiliary laser. And a
soliton optical frequency comb with a spectral bandwidth greater than 80 nm has been
generated by adjusting the microcavity resonance peak. Furtherly, soliton crystal with
a spectral bandwidth of 180 nm has been realized via single pump scheme. Besides,
the breather soliton has been found in a microcavity with a FSR of 200GHz and
the physical phenomenon of periodic oscillation in time domain has been
demonstrated by the measurement of the RF spectrum and the energy evolution of the
pump sweeping over the resonance peak.

2. Based on the spontaneous four wave mixing in the microcavity, quantum
frequency comb is explored and the coincidence counting is investigated under the
pump power of 20, 40, 60 mW, respectively. The coincidence to accidental ratio is
about 3 to 5 under the pump power from 20 to 60 mW, which demonstrates the
quantum correlation of the generated photon pairs. It is demonstrated that low pump
power could effectively reduce the noise and improve the quality of the quantum
frequency comb by the experimental results of the negative correlation between pump
power and coincidence to accidental ratio, which contributes to a conclusion that the
quality factor of microcavity is an important impact factor of the quality of quantum
frequency comb.

3. Based on dual-comb sampling scheme, we have explored the pulse
distribution in time domain of the soliton frequency comb. Using a micro-ring
resonator to generate a stable soliton frequency comb as the reference source, the
direct measurement of soliton, dual-soliton, three-soliton and four-soliton state
generated by another micro-ring resonator is realized. The pulse distribution in time
domain has been characterized and described by the beat signal of two sets of optical
frequency combs, which breaks the bandwidth limit of photodetector and can achieve
the measurement of optical frequency comb with high repetition rate.

4. Time-lens technique is demonstrated to be an effective method for various
signal processing via numerical simulation. In experimental work, providing a
temporal magnification for 18% via time imaging system, the pulses in time domain

have been real-time observed via normal photodetector and oscilloscope. For optical

v


javascript:;
javascript:;
javascript:;

Abstract

frequency comb generated by the micro-ring resonator with FSR about 49 GHz, the
solitons in the cavity are sampling by the period of 20.4 ps, which is used for
describing the evolution of light field by capturing the real-time displacement of
solitons, the transient behaviors including collision, annihilation and generation of
solitons. This method solves the difficulty of real-time measurement of optical
frequency comb with high repetition rate and provides a new research thought and an
effective technical measure to explore the complex transient process of optical
frequency comb generation.

5. Based on microcavity soliton optical frequency comb, the microwave signal of
48.97 GHz with a signal-to-noise ratio of 60 dB is successfully obtained. In addition,
the time jitter and phase noise of microwave signal are analyzed in detail, respectively.
The time jitter value is 533 fs and the phase noise is -110 dBc/Hz at offset frequency
of IMHz. After adding frequency divider to the scheme, the tunable microwave signal
is realized. Besides, we have also explored the research on RF signal generation based
on dual-comb by the cascaded and parallel microcavities, respectively. And the
linewidths of the optical signal of two schemes are measured and analyzed by the

well-known delayed self-heterodyne method.

Key Words: Micro-ring resonator, Optical frequency comb, Time lens, Microwave

signal generation
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Figure 1.7 Quantum frequency comb.
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Figure 2.1 Typical schematic of microcavity optical frequency comb generation. LD:
Laser. FPC: Fiber polarization controller. OSA: Optical spectral analyzer. MRR: Micro-ring

resonator.
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|
I 424

B 2.2 BAMIELER . (a) EDERLERE, (b) L FimgAEIRE .

Figure 2.2 Typical structures of micro-ring resonater. (a) Add-through configuration.

(b) Add-drop configuration.
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26



O U T O B
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AT 2

(a) !

0
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Wavelength (nm)

B 2.3 FRMGHRMEIRTE . (2) WWARCHHIINISE L (b) SEARECHRIURIE L .

Figure 2.3 Theoretical evolution of Kerr optical frequency comb. (a) Evolution of Kerr
optical frequency comb in time domain. (b) Evolution of Kerr optical frequency comb in

frequency domain.
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Figure 3.1 Model of add-drop micro-ring resonator based on high-index doped glass.
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Figure 3.2 TM mode of the micro-resonator around 1550 nm.
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Figure 3.3 Relationship between the coupling coefficient and the coupling gap.
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Figure 3.4 Picture of high-index doped glass micro-resonator.
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Figure 3.5 Representation of MRR packaging.
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Figure 3.6 Experimental schematic of optical frequency comb based on MRR with a
single pump. CW: Continuous wave. EDFA: Erbium-doped fiber amplifier. FPC: Fiber
polarization controller. TEC: Thermoelectric cooler. PD: Photodetector. OSA: Optical

spectral analyzer. ESA: Electrical spectrum analyzer.
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Figure 3.7 Optical evolution spectra of Kerr optical frequency comb based on a single
pump scheme. (a-c) Optical spectrum of primary comb. (d) Optical spectrum of sub-comb.

(e) Optical spectrum of MI comb. (f) Optical spectrum of soliton crystal.

46



= WU SO SC R T

0.06 }
£
El 0.03 L
=
= 0 e ——————
0 0.1 0.2

Scan time (s)
&l 3.8 IEHIRIET IR, MRR W)L

Figure 3.8 Measured transmission power trace while sweeping one resonance of the

MRR over the pump laser.
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Figure 3.9 Experimental schematic of optical frequency comb based on MRR with
auxiliary laser scheme. CW: Continuous wave. EDFA: Erbium-doped fiber amplifier. FPC:
Fiber polarization controller. TEC: Thermoelectric cooler. PD: Photodetector. OSA: Optical

spectral analyzer. ESA: Electrical spectrum analyzer.
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Figure 3.10 Frequency relationship between pump and auxiliary laser.
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Figure 3.11 Optical evolution spectra of Kerr optical frequency comb based on auxiliary
laser scheme. (a) Optical spectrum of comb based on crossing phase modulation. (b) Optical
spectrum of sub-comb. (c¢) Optical spectrum of multiple soliton comb. (d) Optical spectrum

of single soliton.
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Figure 3.12 Measured transmission power trace while the pump laser moves towards to

longer wavelength.
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Figure 3.13 Optical spectra of different kinds of soliton crystals.(a) Optical spectrum of
Schottky defect soliton crystal. (b) Optical spectrum of superstructure soliton crystal. (d)

Optical spectrum of perfect soliton crystal.
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Figure 3.14 Optical evolution spectra of perfect soliton crystal. (a) Optical spectrum of
primary comb. (b-c) Optical spectrum of sub-comb. (d) Optical spectrum of perfect soliton

crystal.
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Figure 3.15 Simulation results of the perfect soliton crystal. (a) Optical spectrum of the
perfect soliton crystal. (b) Time domain of the perfect soliton crystal. (c) Soliton distribution

in micro-ring resonator of the perfect soliton crystal.
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Figure 3.16 Optical evolution spectra of breather soliton state. (a) Pump laser. (b) Optical
spectrum of primary comb. (c) Optical spectrum of breathing soliton comb. (d) Optical

spectrum of soliton crystal comb.
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Figure 3.17 Power evolution of the cavity. (a) Power transmission as the laser frequency is

scanned across the resonance. (b) Power transmission at breather soliton state.
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Figure 3.19 Optical and RF spectral evolution of breather soliton state.
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Figure 3.20 Experimental schematic of quantum frequency comb. EDFA: Erbium-doped
fiber amplifier. FPC: Fiber polarization controller. TEC: Thermoelectric cooler. DWDM:
Dense wavelength division multiplexing. SNSPD: Superconducting nanowire single-photon

detector.
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Figure 4.2 Schematic diagram of optical frequency comb sampling. ECDL: External
cavity diode laser. EDFA: Erbium doped fiber amplifier. FPC: Fiber polarization controller.

TEC: Thermoelectric cooler. PD: Photodetector.
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Figure 4.4 Sampling measurment of soliton and two-soliton state. (a) Optical spectra of
soliton. (b) Optical spectra of two-soliton state. (c) Sampling result of soliton. (d)

Sampling result of two-soliton state.

= 0
£
a
g2 (@)
_IE‘-40
w
§-60
=
= -80
1500 1550 1600 1650 0 2 4 6 8
Wavelength (nm) Time (s) x10°°
é % 10012
; z 1.001
n; w
g £ 1.0008
= =
1500 1550 1600 1650 0 2 4 6 8
Wavelength (nm) Time (s) x10®

B4.5 ZMFBMOIAMTFERREME. ) =MFE06EE: (b) WIRTELEE;
(¢) =INTARMELR; (d) MWITERFELR
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Figure 4.6 Schematic diagram of temporal imaging.
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Figure 4.7 Schematic diagram of temporal imaging!!*8l. DM: Dispersion module. FWM:

Four wave mixing. DCM: Dispersion compensation module.
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Figure 4.8 Simulation results of multi-pulse magnification. (a) A signal of 5 pulses with

the same spacing. (b) 50 magnification of the signal of 5 pulses with the same spacing. (c)

100 magnification of the signal of 5 pulses with the same spacing. (d) A signal of 4 pulses

with different spacing. (¢) The 50 magnification of the signal of 4 pulses with different

spacing. (f) The 100 magnification of the signal of 4 pulses with different spacing.
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Figure 4.9 Schematic diagram of optical frequency measurement based on temporal
imaging. WS: Wave shaper. EDFA: Erbium doped fiber amplifier. DM: Dispersion module.
FPC: Fiber polarization controller. FWM: Four wave mixing. LD: Laser diode. BPF:
Bandpass filter. DCM: Dispersion compensation module. TDEM: Third-order dispersion

eliminating module. PD: Photodetector.
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Figure 4.10 Optical spectra and time domain of single soliton state. (a) Optical spectra.

(b) Signal in time domain.
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Figure 4.11 Optical spectra and time domain of dual-soliton state. (a) Optical spectra.

(b) Signal in time domain.
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Figure 4.12 Optical spectra and time domain of three-soliton state. (a) Optical spectra.

(b) Signal in time domain.
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Figure 4.13 Real-time displacement diagram of soliton in micro-ring resonator.
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Figure 4.14 Soliton generation by soliton annihilation.
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Figure 4.15 Soliton reverse evolution in cavity.
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Figure 5.1 Microwave generation by optical heterodyne method. PD: Photodetector.
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B

Figure 5.2 Experimental schematic of microwave generation based on optical frequency

comb. PD: Photodetector. ESA: Electrical spectrum analyzer.
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Figure 5.3 Optical spectrum of optical frequency comb based on MRR.

Intensity (dBm)
& & 9
=) > S

@
=

bbb N v L Ve
48.94 48.98 49.02
Frequency (GHz)

&l 5.4 ET P RBHEES.
Figure 5.4 Generated microwave signal based on optical frequency comb.
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Figure 5.5 Phase noise power spectral density of microwave signal.
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Figure 5.6 Experimental schematic of tunable microwave generation. PD: Photodetector.

FD:Frequency divider. ESA: Electrical spectrum analyzer.
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Figure 5.7 Generated tunable microwave signal based on frequency divider.
(a-f) Microwave frequency comb after down frequency conversion of 8, 16, 32, 64, 128,
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Figure 5.8 Experimental schematic of dual comb based on cascaded MRRs. TEC:
Thermoelectric cooler. BPF: Bandpass filter. PD: Photodetector. ESA: Electrical spectrum

analyzer.
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Figure 5.9 Optical spectra of soliton crystals based on cascaded MRRs and generated
microwave signal. (a) Comb output of the first MRR. (b) Comb output of the second MRR.

(c) Generated microwave signal.
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Figure 5.10 Experimental schematic of dual comb based on parallel MRRs. TEC:

Thermoelectric cooler. PD: Photodetector. ESA: Electrical spectrum analyzer.
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Figure 5.11 Optical spectra of soliton crystals based on parallel MRRs and generated
microwave signal. (a) Comb output of the first MRR. (b) Comb output of the second MRR.

(c) Generated microwave signal.
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Figure 5.12 Experimental schematic of the delayed self-heterodyne method. CW:
Continuous Wave. AOM: Acousto-Optic Modulator. PD: Photodetector. ESA: Electrical

spectrum analyzer.
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