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Abstract’

ABSTRACT

Since the first microresonatof based optical frequency comb (microcomb) was
reported in 2007 by Del’Haye, ef. al., microcombs have been realized in a variety of
material platforms. By now, microcombs have been successfully used in optical
communication systems, microwave photonics, optical frequency synthesis, optical
clocks, dual-comb spectroscopy as well as dual-combs ranging measurement, ef. al.,
and present unprecedented performance. In this thesis, based on external injecting pump
and “self-locked” schemes, the microcombs generation in a high-index doped silica
glass micro-ring resonator (MRR) is experimentally and theoretically studied. The
details of the researches and the achieved results are summarized as follows:

1. The design and measurement methods of a MRR are systematically studied.
For the demand of microcombs generation, the free spectral range (FSR), the quality
factor and the waveguide dispersion of a MRR are carefully designed. Further, the
designed MRR is fabricated based on high-index doped silica glass platform whose
fabrication process is Complementary-Metal-Oxide-Semiconductor (CMOS)
compatible. The main parameters of the MRR are measured under the assistance of a
fiber ring resonator. The FSR of the MRR is ~49GHz, the quality factor is in the range
of 1.4~2.1x10° and the dispersion is ~43ps%/km at 1560nm.

2. The MRR is successfully butterfly packaged. Soliton crystals (SCs) are stably
generated by slowly tuning the resonance of the MRR through a thermoelectric cooler
(TEC) based thermal-tuning approach for the first time. Analogy with the lattice
structure of solid crystals, SCs can be classified to perfect, Schottky defects, Frenkel
defects and superstructure defects, ef. al. The SCs generation experiments provide an
effective experimental method for the study of the interaction of solitons. The repetition
rate stability during a short time is experimentally studied using delayed self-
heterodyne interferometer (DSHI) method for the first time, to the best of our
knowledge. In our experiments, the SCs are generated using a 100Hz linewidth laser as
pump which is the narrowest linewidth pump laser in microcomb generation
experiments to our knowledge. The repetition rate fluctuations are 53.24Hz and
509.32Hz within 10ps and 125ps respectively. The effects of the pump frequency
instability and the pump power variations to the repetition rate fluctuation of
microcombs are theoretically analyzed. And our researches provide the theoretical

foundation for realizing frequency stable microcombs in the future.
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Abstract

3. The intrinsic mechanism of MRR based microcomb generation is analyzed and
the evolution procéss of ,microcombé is theoretically studied based-on Lugiato-Lefever
equation (LLE). Along with the decrease of the pump detuning, primary comb (Turing
pattern), sub-combs, modulational instability (MI) combs and soliton combs are
theoretically obtained in sequence. Further, through sweeping the pump power and the
pump;resonance detuning, the schematic of the comb evolution flow chart is obtained.
And the generation condition of SCs is obtained for the first time. Furthermore, the
steady solutions of different types of SCs are obtained based on the perturbation
normalized LLE where the mode-crossing and non-uniform transmission loss effects
are included by reducing the detuning at the mode of 102 and using the measured
transmission loss parameters respectively. Finally, Raman self-frequency shift of
soliton crystals is experimentally observed and theoretically studied using the
perturbation LLE by introducing a Raman response expression. The Raman response
time of high-index doped silica glass waveguide is speculated to be ~3fs by comparing
the theoretical and experimental results.

4. Fiber ring cavity based phase-locked microcombs are experimentally obtained
based on “self-locked” scheme for the first time when a MRR is embedded in a 1.9m
length fiber gain cavity. While the optical phase is tuned using a polarization controller,
single frequency laser, mode-locked state (“FD-DFWM”), sub-combs, stable
microcombs, high noise combs and dual orthogonal combs are generated in sequence.
And the mechanism of the optical field evolution in the MRR is detailedly analyzed.
Further, dual-pump Kerr OFCs with varying FSR spacing are experimentally realized
based on “self-locked” scheme. The dual pumps are self-oscillated in a fiber cavity.
Over 180nm bandwidth OFCs are generated through the nondegenerate four-wave-
mixing (FWM) in the MRR. The FSR of the dual-pump microcombs can be varied at
range of 6~46 FSRs by tuning the central wavelengths of the dual-passband optical
filter.

5. Based on filter-driven dissipative four-wave-mixing (“FD-DFWM”) mode-
locked technique, stable repetition rate multiplicable pulsed laser source is realized for
the first time, to the best of our knowledge. The well-known “super-mode” instability
of traditional “DFWM” mode-locked lasers is overcome by reducing the fiber cavity
length using a high-Q factor MRR which not simply used as a filter but acts as a
nonlinear element as well. Through tuning the laser cavity length, stable mode-locked

lasers are experimentally realized with repetition rate tunable at range of 1~15 FSR

v



Abstract

(49~735 GHz). And the repetition rate tunable “FD-DFWM” laser is theoretically

simulated based on nonlinear Schrédinger equiation}(N LSE).-

Key Words: Micro-ring Resonator, Optical Frequency Comb, Optical Soliton, Soliton
Crystals, Mode-Locked Laser -
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Table 1.1 Typical characteristics of fiber mode-locked lasers based optical

frequency combs [,

JiAg il i T FHTHE AR EE fcko 2R 1R
(MHz  (nm) (mW) (ps®) &% (kHz) Wit
)
NPEFHERE 50250 20-50 10-100 -0.04~0.04 10-1000 =
“grF i 20-50 10-20 1-10 -0.07~-0.02 150-600 =
SAMEZRTEE  50-1000 ~10 1-10 -0.012~-0.02 40-1000 2
SAMMERE 50250 ~10 1-10 -0.07~-0.02 20-600 =

7E: NPE: Nonlinear polarization evolution; SAM: Saturable absorber mirror.
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Table 1.2 The characteristic parameters of different type mode-locked laser based

optical frequency combs!?’l,

Ti:Sapphire ~ Cr:LiSAF  Cr:forsterite Yb:KYW  Er:Yb:glass Er:fiber  Yb:fiber

I:I:l lt‘\
W 800 nm 894 nm 1275 nm 1030 nm 1560 nm 1560 nm 1040 nm

. ' 70-100
BkFm  10-50 fs ~50 fs 30 fs 290 fs 170 fs- 80-200 fs "

S
e _ B . _ —iRE .

R NYVO4 ZHRE(650 52(1075 —RE —RE (980/1480 ZRE

V] (532 nm) nm) (980 nm) (976 nm) (976 nm)

nm) nm)
BE 0.1-10 50-300 0.1-1
93 MHz 420 MHz 160 MHz 75 MHz

P GHZ MHz GHz
& ~500- ~550- ~1000- 700- ~1000- ~1000- 700-

2 1200 nm 1100 nm 2000 nm 1400nm 2000 nm 2000 nm  1400nm
Bt
i ~0.1% 1-2% ~0.5% ~2-3% ~2-3% ~1% 1-2%
Bk

P15 25-100 100-200
T 1000 mW 150 mW 500mW  >200mW  >100 mW
h#&E mW mW
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Table 1.3 The characteristic of micro-cavity and the key parameters of the Kerr

optical frequency combs!>%l,

M na(m*W-) 51| QlE S E N BKWLE ~— ZEXE

Si0; 26x10%  Toroid  1x10°  ~375GHz  1200-1700nm  [55]
- 810, 2.6x1020 Toroid 2x108 ~375 GHz . 990-2170 nm - [57]
Si0;  2.6x10?%  Sphere  2x107  ~427GHz  1450-1700nm  [58]
SiO, 2.6x1020 rod 5%108 ~32.6 GHz 1510-1610 nm [59]
MgF, 1x1020 Toroid ~10° ~35GHz  1533-1553nm  [60]
MgF, 1x1020 Toroid >10° 10-110 GHz  2350-2550 nm [61]
MgF, 1x1020 Toroid ~1010 Non-uniform  360-1600 nm [62]
CaF, 3.2x1020 Truncated  6x10° ~13 GHz 1545-1575 nm [63]
' sphere
CaF; 32x1020  Truncated 3410 2378 GHz  Near 794 nm [64]
sphere

Hydex  1.15x10° Ring 12x106  02-6THz  1400-1700 om  [65], [66]

Hydex  1.15x101° Ring  15x10° ~49GHz  1460-1660nm  [67]
SisNy 2.5x10°19 Ring 5x105  ~403GHz  1450-1750nm  [68]
SisNy 2.5x10°19 Ring 10° ~226GHz  11702350nm  [69]
SisN, 2.5x10°19 Ring  2.6x10° ~9772GHz  502-580 nm [70]
SisNs 2.5x10°19 Ring 17x107  ~25GHz ~ 1510-1600nm  [71]

Si 6x10°18 Ring  59x10° ~I127GHz  2100-3500nm  [72]
AIN (2~3i11~95)X10' Ring 6x10°  ~370GHz  1450-1650 nm [73]
AN @3EL5X10 Ry 6x105  ~360GHz NearSIT&776 [z

19 nm

Diamond (8:2£3.5%10"  Ring ~106 ~925GHz  1516-1681nm  [75]
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Figure 1.5 Micro-cavity based soliton comb!’%l. (a) The experimental setup for MgF»
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Figure 2.1 Model of the typical optical micro-resonator. (a)The all-pass optical

micro-resonator; (b) The add-drop optical micro-resonator.
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Figure 2.2 The filter characteristic of optical micro-resonator. (a) The transmission
trace of an all-pass optical micro-resonator. The blue trace is the case of critical coupling
and the red trace is the case of under coupling. (b) The transmission trace of the through

port (blue) and drop dort (red) of an all-pass optical micro-resonator.
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Figure 2.3 The high-order micro-resonator filter %3], (a) The structure of a high-order

cascaded micro-ring resonator. (b) The simulated and measured filter traces of the high-

order micro-resonator filters.
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cascaded micro-resonator. (b) The coupling structure of the filter. (c) The measured

transmission trace of the tunable filter.
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Figure 2.6 The transmission loss trace of the high-index doped silica glass
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Figure 2.7 The relation curve of the coupling index and the coupling gap.
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Table 2.2 The calculated Q-factor of all-pass optical micro-resonator.

Loss (dB/cm) | gap (um) K R (um) Qext Qint Q
0.06 06 | 00299 | 61241 | 813797 4586144 691154
0.06 07 | 0.01807 | 61241 | 1349147 4586144 1042473
0.06 08 | 001093 | 61241 | 2231258 4586144 1500993
0.06 09 | 000662 | 61241 | 3684970 4586144 2043232
0.06 1 0.00401 | 61241 | 6079096 4586144 2614063
0.06 1.1 | 000243 | 612.41 | 10030133 | 4586144 3147151
0.06 12 | 000147 | 61241 | 16534312 | 4586144 3590298
0.06 13 [ 000089 | 612.41 | 27346068 | 4586144 3927477
0.06 14 [ 000054 | 61241 | 45319947 | 4586144 4164698
0.06 1.5 | 000032 | 61241 | 75907352 | 4586144 4324847
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Table 2.2 The calculated Q-factor of all-pass optical micro-resonator.

Loss (dB/em) | gap (um) [ K R (pm) Qext Qing Q
0.06 0.6 0.02996 | 61241 406899 4586144 373739
0.06 0.7 0.01807 | 612.41 674573 4586144 588074
0.06 0.8 0.01093 | 61241 1115629 4586144 897341
0.06 0.9 0.00662 | 612.41 1842485 4586144 1314417
0.06 | 0.00401 | 612.41 3039548 4586144 1828005
0.06 1.1 0.00243 | 612.41 5015066 4586144 2395512
0.06 1.2 0.00147 | 612.41 8267156 4586144 2949777
0.06 1.3 0.00089 | 612.41 13673034 4586144 3434246
0.06 1.4 0.00054 | 61241 22659974 4586144 3814191
0.06 1.5 0.00032 | 612.41 37953676 4586144 4091720
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Figure 2.8 The theorical dispersion curve of high-index doped silica glass

waveguide with cross-section of 2x3pum.
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Figure 2.9 The waveguide transmission loss measurement system. ECDL: External

cavity diode laser. PM: Power meter. PC: Polarization controller. PG: Pulse generator.
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Figure 2.10 Device schematic and propagation characteristics. (a) Schematic of the
add-drop high-Q MRR. (b) Calculated mode profle for TE polarization. (¢) Linear input-
drop transmission characteristic of the MRR. (d) High-resolution resonance profle with a

Lorentzian fitting showing a 1.07pm FWHM, corresponding Q-factor of 1.45x10°.
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Figure 2.11 The experimental setup for the MRR dispersion measurement. ECDL:
External cavity diode laser, ISO: Isolator, OC: Optical coupler, PC: Polarization controller,

PD: Photodetector, MRR: Micro-ring resonator, FRR: Fiber ring resonator.

AT BIIMRREEESE, RENREEE, £ MHENEFTERET
SRR FAR, HBEMRRAETRER HABSEOITRIRETT, W UG2
1 F AR,

Wy = wo + Dyt + 5 Dapt? +=D3u? + - (2.24)
Hrhw  ASHERFR AR, B, RAFTRBREANR 0, 555 1F
WIERIAIEE, D,/2n AMRREE HiEEE, D2 SMRRI MBS LMK, H
R BAD, = —c/ngDiB,y, D:E =M EEIRBARSE, ALK 2 = K=k ie
HEAH. Z2H(0, — wo — Dy EER B HMRRIGEEEHE, RIEMAEEE, 15

28



B LERMERRT. #lE SR

B ERSHE I ER 2 TS, f%éﬂ!zu2.12(e)$u2.12(f)_ﬁ}?/%ﬂ<]é§5t
Bt ESEMRL, ST HAMERE BB FSRS 5 5948.952GHZA
48.99GHz. FBLIID,/2miE 4y H:420.32kHzH120.80kHz. E2.12(e) 5 M SREHE 1

B R SMRREVEARZ AR, HREAZ XKL SRET AT

2, AT RA T F, 7T L FIR IS MRR I B B E . QME & H Al i,

A 77 REGPRGE R N 2 JE R LR M E R A

—~
0

(b

oy
=
.
o
<
o
=3
13
=
©
>

Voitage (a. u.)

0 1 2 3 4+ 0 1 2 3 4
Sampling Points x10’ Sampling Points x107
(c) S (1 | e —

AR AR RO TR R MR LT AR R IY IO B M ELOREAAEN LR AN CRUEE AR REALOA RN MG i
S L D IR R R LRRR I
= b : ’ ! = : :

g g

o yosen{ e
>° —A,‘ !‘—— 114MHz ; —> . 94NHz

Av’ }
20103 20103 20105 20106 20107 20216 20217 20218 20219 2022

(e) Sampling Points x10” ( Sampling Points %10
= 800 = 800 - v
= =
Z cook\v Dy/2m = 48.952 GHz Z 600 D,/2m = 48.99 GHz
8 D,/2m = 20.32kHz S D;/2m = 20.80kHz
o 400 ~—400

200} 3200
3 3

0 0 .
-1060 -50 0 50 100 -160 -50 0 50 100
Mode Number p2 Mode Number s

212 A RREREIN MRR SERER. (o-b) R I TR I IR
MRR FH145: (o-d) SEEFRIRIER MRR 55 460 R FHOKE, MRR Fi/Miide
AR I B 1AMz 1 94MHz, ARSI B EBETARA 1. 69106
A1 2. 05<106; (e-HMRR FIEEIHIZE A (a,c,e)% BT TE 4, (b,d, )% FF T™M 4.

Figure 2.12 The measured results of the MRR with the assistance of a fiber ring resonator. (a-b)
The transmission traces of TE mode and TM mode together with the FRR transmission traces

respectively. (c-d) The amplified transmission traces. The FWHMs of the two vertical polarized
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modes are 114 MHz and 94 MHz, corresponding to Q-factor of 1.69x10° and 2.05x10°

respectively. (e-f) The measured dispersion curves of the two modes.
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Figure 3.1 The schematic of optical parametric oscillation.
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generation experiment. LD: Laser diode, FPC: Fiber polarization controller, OSA:
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FRE LT AR, BEEE RN EENEERINE, AR En(0),
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Yimn (T )— Smp(r)sz(e) (.14)
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Hrb p RN, 7 3.14 PR TE &, A 3.15 LR TM . 085G E
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ST e, S REIEN SN . DR EEE RO A, REE
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— __ ¢ 1 2 P
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TR BRI SOBIIER, AMEREFRREEEY, SIAT GHRs).

AILUEE AERERA— TR, DMEEEHERARERERE
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SNy, RIE— AL, FRE IS
Jo Y (1) Yy (P)aAV = &1 6 (3.25)
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Yy 75(r) = Y72 (r,0, d)eg (3.30)

Y rm(@) =Y, 2,6, P)e, (3.31)

¥
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1n, ErTE KRR, BRI VI MG, R AT 30 T AR AR

(3.32)

i, HRERVIEAD. B 3.4 RASERETFRENE AT 10000, A
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Figure 3.4 The radial and polar profiles of the modes'>¥. [, = 14350 (plusses), lo +
1000 (open circles), and I, + 10000 (solid circles). (a) Radial profiles for 0 = 0 and ¢

= 0. (b) Polar profiles for ¢ = 0 at intensity maxima.
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Ay = =280y Ay — igo Fapu gt AgAph ei™ennt + = Aw, F, l@o=an)t (3.37)

3.37 REUR T RIRREEGTRE, TUURSRR ISR T ra R X8
E. TEHE-DPHRBERIETH XS
(1) JCIRR T 5, MRS IR RS R IR 5 7 AR 79
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7E SiOx BRIEHEES 152, K B SiN SFFIERESS. A I Hydex HFFERES]. 4

43



TR EIRIE F 5 /R R

MIAFRBETS, AgGaSe, FlE BRI MBS BIRGNR. Bk
2 5h, FETEEE SIN IRE T MR BIRUER N EIH L RIRHS), SRR ERT
S A EEWEERA: EXFRILSRIRG IS Hydex BORER
B v UL, IR 2 T M R T IR R R T X 7 2E . B 2
BT S MR, ERBENRRIIE, TSIl bRt
BBIRY, L KMT RN T ANRE. AN B RS
F F MRR S BARS 05

3.4.1 AT OPO SERMIMEREIRIENTA

R HTEA S MRR 2 TS B E26 TR G &M, %7
EXF CMOS #MAEMH & TZ, ZFEERNMEERMPEAHTIHAE LR
M. B35 (a) IMRR MEMERE, KA ETERMNEEHE, B R
EHFF— AR S R R SRR R 1.6, B8 A 2x3um,
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Figure 3.5 The schematic and the mode profiles of the MRR. (a) The schematic of the

MRR. (b) The SEM image of the waveguide cross-section. (c) The mode profile of the

TE mode. (d) The mode profile of the TM mode.
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Figure 3.6 The theorical dispersion curve of the MRR.
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Figure 3.7 The 13 axises optical waveguide coupling platform
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ECDL
(100 kHz)

T

B 3.8 MRR $HHERIIRRSL . ECDL: SMERFAFHOLE; PC: RIRIZHIEE; 1SO:

JFEES SR, PM: mEUGIHEYT; Controller: WK RZEHIIZHIEE: MRR: WEF &R

fi&; Bar Tester: SHAFE.

Figure 3.8 The measurement system of MRR. ECDL: External cavity diode laser, PC:

polarization controller, ISO: Isolator, PM: Power meter, MRR: Micro-ring resonator.

NIRRT, T 5 SR B R — AR . ERATRARA R A

13 #BEEBETE, B 3.7 RZRETFEREWE, %7 6w RN ES R
MsERxE, EEATFET R LS Sonm, =MAERFEERT 0.0032°,
TS (Y08 B T L@ i FRU I B AT 92 1
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X MRR B9, A £ EA GE T HIBO SR BT BRI FSR FM R
PR, &Lk S EMOIR LS S0 %. B 38 HZIRRSGER,
W SIS 5E A MRR 556 4FREF IRt v . ZEII R PSR A BRSO S s B AR
R, HERSERHFESESARSBOCRENRR IR Q). PR
BRI RE N 0.15pm, EFK T RIIBEKAEIIZRM, NTTLHH MRR 5
sk, %5 R PC A FEHIAFHES RS, Bl miRS w2
FWE MRR () TE 1 TM #RZURHE . S35 %% MRR RS R 2.10(c-
DR, ELHEWER FSR MRREFERRR TS RILUMASE, REHERHT
MRR il &3 B TERZEFGIEM. K 3.1 84T % MRR H—EEESH.
RIFIX LS, HARK3.57 B 8iZMRR FZAEARS BRI BN EHIIE N 28W,
% R ] MRR (1353 BHS FE, |

g

FE=|—2¢%
1-Texp(-Z+jkiL)

(3.58)

HoMTAMRREFESFMER RE(0?] + |72 = 1), kB SHERE . X9
IR R T 29100, R4S E IR BIRIE L EA280mW .

R 31 HENERENDES

Table 3.1 The physical parameters of the micro-ring resonator%°l,

Item Symbol Value
Quality factor Q 1.45x 10°
Cavity length L 3.72 mm
Mode field area A ~4.8 pm?
Mode linewidth K ~134 MHz
Refractive index "y 1.6

FSR FSR 49 GHz
Finesse F ~367
Nonlinearity Y 110 W-! km™!
GVD B> —43 ps’/km
Linear propagation loss ag ~0.06 dB/cm
Power coupling coefficient T. 1.2x 107

342 WFEREPHESBIRHIE
B 3.9 4 MRR XS EIRGHLHFEEE. ZLRNEREA —ERMEL
TR, HARREE TN 100kHz, 24 /N PEOEE BRI/ T 0.5pm. ¥
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KK K T BOG S M B, SRS AL T MRR S54RI (035 2 VA
B, 8 TR P ARSI B SR BRSO, ZRIEOE R AR e A e
TERIRE M TE R AL . BT VAT R PR 4% 1 83 A WO 1 R A Y Drop B D Y% HE D
ThERIE BB RAE, A SR IE S MRS 5 Bt R A R VE B0 R AH R o AN BT R 1
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G RER, BRI R E MRR 74

[

ECDL )_‘b ®@®®)
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[T

|I|l]||,u,

& 3.9 ET MRRGSERGHLWEER . ECDL: 4z SABOGES; EDFA:
FeLHORSE; FPC: JL4TmIREHISS; OSA: Wi T{; MRR: RFFEHRES.

Figure 3.9 The schematic of optical parametric oscillation in a MRR. ECDL: External
cavity diode laser, EDFA: Erbium-doped fiber amplifier, FPC: Fiber polarization

controller, OSA: Optical spectral analyzer, MRR: Micro-ring resonator.
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Figure 3.10 The experimental results of the optical parametric oscillation in a MRR.
(a) The pump coupling into the resonance of the MRR. (b) Modulation instability
_observed. (¢) The first order optical parametric oscillation. (d-f) Cascaded four-wave-

mixing generation.
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Figure 4.1 The schematic of the MRR based optical frequency comb generation.
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Figure 4.2 The evolution process of the MRR based optical frequency combs. (a) The
optical spectrum of primary comb. (b) The optical spectrum of sub-comb. (c) The optical
spectrum of modulational instability comb. (d) The optical spectrum of the comb with 3
solitons. (e) The optical spectrum of the comb with 2 solitons. (f) The optical spectrum of

single soliton comb.
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Figure 4.3 The calculated optical frequency comb evolution based on LLE. (a) The
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solitons. (e) The optical spectrum of the comb with 2 solitons. (f) The optical spectrum of
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Figure 4.4 The noise analysis of Kerr optical frequency comb!!®3l. (a) The generation
schematic of the primary comb. (b) The generation schematic of the sub-comb. (¢) The

generation schematic of the modulational instability comb.
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Figure 4.5 The optical spectra of Kerr optical frequency comb with resolution of
10MHz. (a) The optical spectra of primary comb. (b) The optical spectra of sub-comb. (c)

The optical spectra of MI comb
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Figure 5.1 The schematic of the soliton crystals generation. (a) Experimental setup for
soliton crystals generation. The MRR is packaged in a commercial 14-pin butterfly package
with a high precision TEC. The operating temperature of the MRR 1is precison controlled by
the TEC. The inset shows the picture of the butterfly packaged MRR. The MRR is pumped by
an ECDL with fixed lasing frequency and the generated soliton crystals are coupled out from
the drop port. (b) The schematic of soliton crystals generation by thermal tuning method. The

resonance shifts toward the pump laser by decreasing the MRR operation temperature. With
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appropriate pump power, crystal step will be observed at top of the power transmission trace.
Once the pump locates at the step, soliton crystal comb will be obtained. ECDL, external cavity
diode laser; EDFA, Erbium doped fiber amplifier; FPC, fiber polarization controller; TEC,

thermoelectric cooler; PD, photodiode; OSA, optical spectrum analyzer; ESA, electrical

spectrum analyzer.
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Figure 5.2 The evolution of OFCs in a high-index doped silica glass MRR. (a) The

optical and RF spectra of primary comb. (b) The optical and RF spectra of MI comb. (c)
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The optical and RF spectra of the soliton crystal (with one vacancy). (d) The measured
transmission power trace at drop port while sweeping one resonance of the MRR over the

pump laser. (e) The transmission loss trace of the high-index doped silica glass waveguide.
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Figure 5.3 Orthogonal separated optical spectra of soliton crystal comb. There is

obvious mode-crossing at wavelength of 1517nm.
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Figure 5.4 The experimental (red) and theorical (blue) results of perfect soliton
crystal. (a) The spectra of perfect soliton crystal. (b) The AC traces of perfect soliton

crystal.
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Figure 5.5 Various SCs in a high-index doped silica glass MRR. The measured optical
spectra of SCs are drawn in red color. The numerical simulated optical spectra are shown
in blue color with solid circles indicating the power of the comb lines. The simulated
temporal traces are listed on the right of the relative optical spectra. (a) Soliton crystal
with single vacancy. (b-g) Soliton crystals with dual vacancies, the solitons between the
two vacancies are 0, 1, 2, 3, 8 and 16. (h) Soliton crystal with 3 vacancies. (i) Soliton
crystal with 4 vacancies. (j) Soliton crystal with “Frenkel” defects. (k) Soliton crystal with
“Superstructure” defects. (1) Soliton crystal with flat-top spectrum (with irregular inter-

soliton spacings).
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Figure 5.6 Theorical evolution process of soliton crystal combs. (a-b) The optical
spectrum and temporal soliton evolution without the effects of mode-crossing and un-
uniform transmission loss. (c-f) The optical spectrum and temporal soliton evolution with

the effects of mode-crossing and un-uniform transmission loss.
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Figure 5.7 Experimental setup for soliton crystal comb detuning measurement.
SFLD: SFLD, single frequency laser diode; S-LD, sweeping laser diode; EDFA, Erbium
doped fiber amplifier; FPC, fiber polarization controller; TEC, thermoelectric cooler; PD,

photodiode; OSA, optical spectrum analyzer.

()

Amplitute (a. u.)

AR

Frequency (a. u.)

B 58 IMFREFRMKERMARER . (a-o) HREBICRIIBILE; (EH)AETE
BRI R B A.

73



BT B IRE K T8 /R B BT AL

Figure 5.8 Experimental results of detuning measurements. (a-e¢) The measured

beating waveforms. (f-j) The waveforms of (a-e) after a digital low-pass filter.
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Figure 5.10 The theorical conversion efficiency of single soliton in a micro-resonator.

(a) Optical spectra of the intracavity comb and the output comb from the through port. (b)

Effective pumped resonance and effective detuning in comb operation. (c) The temporal
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Figure 5.11 The conversion efficiency of perfect soliton crystal comb. (a) Measured
energy flow chart of the perfect soliton crystal. (b) Effective resonance and the pump

detuning of the perfect soliton crystal.
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Figure 5.12 The optical frequency comb evolution. (a) Normalized intracavity power
evolution with pump detuning for different pump power. (b) Schematic of the comb
transformation flow chart in a high-Q MRR. The colored regimes correspond to primary
combs (green), chaotic MI combs (pewter), stable solitons (red), soliton crystals (yellow).
The soliton crystals can interconvert with MI combs repeatedly by forward and backward
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Figure 5.13 The detuning measured results of soliton crystal with a single vacancy.
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Figure 5.14 The experimental and theorical optical spectra of soliton crystal with a
single vacancy. The blue line is the Sech? fitting curve of the optical spectral envolope.
The central wavelength of the optical spectrum is 1559.5nm, corresponding to 3.2nm

(8<FSR) frequency shift.
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Fig. 2 Theorical power spectral density (PSD) of the photocurrent. (a) The calculated
PSD when the optical coherent time is larger than the relative delay time. (b) The
calculated PSD when the relative delay time is larger than the optical coherent time. Red
lines show the case of without central frequency fluctuation. Blue lines present the PSD
with central frequency fluctuation of super-Gaussion distribution of 10kHz.
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Figure 5.19 The measured result of the linewidth of perfect soliton crystal (SC). (a)
The optical spectrum of perfect SC. Inset shows the uniform distributed 27 solitons in the

MRR. (b) Measured PSD of the pump, S1 and S2 with 2km delay fiber. (c) Measured PSD

of the pump, S1 and S2 with 25km delay fiber.
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Fig. 5.20 The measured repetition rate instability of SC with a single vacancy. (a) The
optical spectrum of SC with a single vacancy. Inset is the 27 solitons ditribution in the
MRR. (b) The frequency fluctuations within 2km fiber delay. (¢) The frequency
fluctuations within 25km fiber delay. The frequency fluctuation is proportional to the

mode number.
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Figure 5.21 The intracavity power evolution during soliton crystal generation.
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Figure 5.22 The experimental setup of the programme soliton crystal generation.
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Figure 5.23 The variation curves of the comb power and the control voltage. (a) The

changing curve of the intracavity power. (b) The variation curve of the control voltage.
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Figure 5.25 The structure of the MRR based optical negative feedback integrated
narrow-linewidth semiconductor laser.
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Figure 5.26 The operating schematic of the MRR based optical negative feedback

integrated narrow-linewidth semiconductor laser.
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Figure 5.28 The experimental setup for soliton crystal generation. EDFA: erbium-
doped fiber amplifier, FPC: fiber polarization controller, TEC: thermoelectric cooler, LD:

laser diode.

93



e TR EIRIE I 5L /R e 7T

B 529 ETHRRBESEFRERCFNMETFRICE.

Figure 5.29 The evolution of the integrated negative feedback narrow-linewidth

semiconductor laser based Kerr optical frequency combs.

U6 R R B AR 4R T 2 S IREOE AR SINTF P AR AN By, IXEELR
K24 MRR &R E T8 1.75x10°, FPEAEITF SEFEL 1W FRMEIIE, BT
(1] DFB #0628 AN BE AT itk s ThE, JFEM ARSI R T
K. BETZH#EE, MERHRERTFRA 10 5, FENTHRmHENR
TThE K &M 10mW A4, BRI A DFB SO 754 v LIl R I3k £
MFER. BaiEisZMR bR AR S L R LM 0.01dB/em BLT, R
FZ S D& R R ETF KT 107 B9 MRR, RO SEE s B2 4 AL RO AR A
PF B 2 58 2 T 1T

5.6 NG

WA AR B K I B T s SR AE 6 . Rl & . S/ IFTE
fEH AR A RS BB T, TIT SR =TT R T RUlE g e —4
B SUR, S AIFEA LA ARA EERE L AT RITEZIT
AR A, IUT d e A ORI T T B AA L R A Bafa e 1, R AREE
Z4 1 52 56 H AR B AT SEELYIT b AR ATARR 7 A o A BRI F — [ 8 U A ) A8 2 T
JeBRE AW NIRE, FIH TEC MRMISLR T, AR E T 2 MBSy
gafAs, BT S i n D@ I R BRI TR # 77 ASE LS MI AR i A B
i, 80 ER THBIT RETRIAEREE. BTl I Ridsm
WAL B BT KT B F R 2 T HIA, X T EAESKILT R, L
BAERILE] 472%, KB TR IR HKE, XEZAE TIFEE g
LR NI CRIEE . PR ORIl R R R E s BB AR 5T,
B LAS| A2 52 chs 2 B AR AN, SR R T )RS, X T RATAISE S, $ir
SHFBELN 8xFSR, HIMHESR H E 3 i 2 2 PATRL R L 2 Wi N 290

94



FHE BT SEHHR

3fs.

 MEBITRR%E SRS A, ERA R s A TRt
B TA I S B R EE RS . B K R TR TSR R A A E A
LFMEEERE, RATFIFA 100Hz L3 AL B NRMIR =4 T REH
T4 (3% B B P T e e B 6 U U, B AT 1
SREVENIE TR E S 10ps R 125ps B A BOSE SRS B4 53.24Hz A1
509.32Hz.

PRI T TR 10 1 30 P P A 7 B A A U T 7 i 36, Ak 2
SREFE I ARSI T T Sk B 57, B LT S B3k
Y5E T ER. FRS MRR /EARBEEM, X DFB SOk SRR 2 M7 6
20 R, BATEI T ERLI AR T SRR, SEORE SR
BT A — AT & RS2, ASEULE A AR R T TR T R B,
A 17 ST T AR B R 7 A R 7 P A S T TETEAT 7 RS SE, A
AT TARR A 2 7 AR

95



BT B IR IE K ST R SRR BT 7T

EXRE “BIE” MEXER

AR A B R A P T R, — MR LB SRS R
%, HIAMREAN—RIELE, B AKNSES R R W RO 75—
T R RN R — N EOtE N, A BYUE "HI7E B BdR G - A=
BETA A E A IS B TR E O B8 BRI ARIOL RS, JRR R A
PO IR AR B B MR AL 58 — M7 R AH B RBUE LA, X3
BN AR RER S, EEERTROCEMRRERE, BH7E<S
PEATREN, AR TN fFRe2 PRATRE 1752 48 L BOE
ERRE, HERGROCERRERZIR, 8% N EE%RERREG, Fit
St UL B 58 717 Y30 o A 55 R0 R ARt P9 IO R DU SR TR AR, 45 B O iE I3
W, FFRIRIERE TR M. BT T HEAGIIR S TR,
TR FE W ARES, SRBL T PRI AN YRR SR (FD-DFWMD B
Jeaws FBET RO IR ESKI T BOLKrr ENR . HEE T BBERN
BARTTH, FEROCHEN R4 R WIRIN ARG, il kNS ETEE
JIIE A AR 4 XA

6.1 “BE#iE WAE NI~ KL

A LR A SRR SR AT SME N FR I G 107 87 AR e, 1207 B H FE Al
B EL T EOLE (AT LU R IR IE R 7 A8 AR EOLES,  EZE
TR A LD, ERBOLSEMIEE R, EXBEAREZFZMN, "L
KH “B8UE” MIRARTT ER R YA B A3 AT SEIR IR ES: 27, “ B 8iE”
BRTT AR AR —NIRE LT BOLR N, IR e Botas ) — &8 4
SER ROC I BOE R B IR A, BT HFINEAZLERO. %77 ZXT LR =W
FHERA R, AP ERISIRER B RBHIZCR, sen miae TE, B
e “BYE” RATREETRWR. BRIEFES. GBIEIFENA.

B 6.1 A HBUE =L SE IR R E . SRR A A O R (PR
IR PHRABI— DI B IETRE N, LR AR MRR H & 475 3%

96



FRE “BYE” Mtk

EVTFERFEESHIET R, H QM FSR 4354 1.45%10° 51 49x10°GHz. MRR
| m%é&%%E%WT&ﬂ%ﬁ%mJﬁ&%%%ﬁ%%%ﬁﬁ%@nmuﬁo
MRR 7EZEW P EEIFAMER, —& 58Ik eIt FE G EREOuIE iR
Wik, BRI T EDFA 28, ATEBRREE SR ES RS, UE
GEBACTHIHEN EDFA; R BB REMHIE RPN, FIH MRR ARFRE M
ROBLP= A B A . FF Y AT SOLES B3 25 B R AN OGRS I ) EDFA 26, %
EDFA B SR MEBERAITEIIE, B R RIES DI A B 17 £ 5H;
BANEOGRE B RIRAS B A — MR R I BT AR ) MRR AR AR
M MRR ) Drop % (i, 3H— eS80 Mo sEE MBI

FEE ARG
\
— ~ EDFA
BPF

MRR pe
90 OC 0l J

Output

Be6l “HEE” BRMAMNLIEER ., BPF LB EDFA: G4
KSR, 1SO: NFMEESS; PC: e miRiEHIZE; OC: HFEHES

Figure 6.1 The experimental setup of the self-locked Kerr optical frequency comb
generation. BPF: Optical bandpass filter, EDFA, erbium-doped fiber amplifier, ISO,

Isolator, PC, Polarization Controller, MRR: Micro-Ring Resonator.
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Figure 6.3 The radio-frequency spectrum of the self-locked optical frequency comb.
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Figure 5. The measured mode character of the repetition rate multiplication “FD-DFWM”
mode-locked laser. (a) The optical spectrum of 6<FSR pulses measured by 10 MHz resolution

Brillouin OSA. (b) RF spectrum of the laser source tested by a 3 GHz PD. Insets in (b) are the RF

waveform and the linewidth measured results, respectively.

112



BAE CABE” MERHR

6.3.3 EEABIEAFD-DFWM S B aIRie (iR

_ #9 T EHE M IR RFD-DF WM B B0 58 B 1, - 12T NLSE %
WOR ST T AN, S WO RGBS, BB P
IR B A BT B, B R, MO P AL 1T
MEHAL. “FD-DFWM BESOEES ) MRR IR A ARk s e i
R HOME P, 7R R o, W B O — MRS B A — B AR Mt S RO SR B
Her ORISR AR PSR ARSI 5 MRR FE, THRHAE St b S0 K R Ly
ST S E I I T e T P 0 P S

Ly =vg *Typr = Vg * Q/w - 6.5)
Horhy, GRS S PRIBEEE, Tyre Y MRR WHIHTH A, QF MRR HIGRH
o oI, R BT MRR SRR, BTSSP
SEIHIINEE TE IR LAIAIEIRAF FE, HrhizgssE 7 vl ULl Tk Tt 524,

_| o I
FE = |1—(1—]0'2l)l/Z.exp(_aTL+jkiL)| (6.6)

Hd L a,0 Mk 53308 MRR BKE. SEERTHFEREL RS EREEIH
A REUR S AR E S, “FD-DFWM =R+ A MRR 78R E 144 10.
FIHTESCAT NSRS i ™I LR T A NLSE #HT8HR:

du(zr) | . B, %u(zn) _ . '
”aZT '“% Zzi’ = iy|FE *u(z,7)|*u(z 1)
g 107 _
+5 (1 + 7 atz) u(z,7) —5ulz7) 6.7)

Heu(z, ) ISR, X TE¥S, FE =10, MxtTit4, FE=
1; BBt Mz S RIHEERI T AMERBIERS; B, y 435179 MRR KM BRI =
BRI REG 0, MBERETIIETEE, ¢ IR, WRTA:
g = 9o * exp(— Ppuise/ Psar) 6.8)
Go TR/ IME SRR, Pyyyrse FNPsqe S HIFESBIGHHE BAIHE 25 YURIE FORK

FRRE, HP, SR RATEN.
PEOIEh, SRR TSR, SN MRR 2R
FERD,

—o?*xexp(i6/2) 2

r= |1—(1—02)*exp(i6)

Hrho = 21 * L/AFORHIENATIEE MRR WA, L AADRIRS

113

69)



T FERIE 8 58 OIRRRT T

e RS, FERA T E S, ﬁ‘f:éq’fﬂ?a%{éfﬁzzwﬂ MRR KEH] 521 %,
SR 4258 BB e e AR R AT RSSO S PR R AT R, X TR
HEFHMEIE TR A IeAR-EE R AR, 13RI UELE R A 6.16 Fivr. KAEIAEF T
HHEISEIER: ¢ =3% 10° m/s, go=110dB/m, 0y = 20 nm, Ps,, = 40 f], W36
#HEL = 0.25 m a= 0.2%,)/ =1W™t-km™, B, = —21.67 ps?/km, B
FKEL=17m nyg=164 a=006dB/cmy=110W™" - km™, JTEIHT
B, = —33.65ps?/km, L=021m. & 6.16 (a) F6.16 (b) 4354 6xFSR EAJHHE
Bk A B AR R, (RS RS LI IR Y&

g
)T
g

= Calculated Specirum e Caleuluted AC Trace
[~ E e nt Spectrum = Eaperiment AU Trace

Intensitv(dB)
L
= -
—
N
SO
T
-
P———ics
P
o ——
P
-l
Intensityin. 1u
n

30 i

Intensity(dB)

-0 ] “

Intensityv(a. u.)

3
1560 1370 1850
Wavelength(nm) Delay Time(ps)

1530 1840

B 6.16 “FD-DFWM” BURBOCREMIESR. (ab) 735y 6xFSR ESBHLEU LRI
FOGEEF EARSCHIZL (416D, DARSEREERIF B AR R (BEE); (cd) 20xFSR
BSOS T RO CE R B MR LA .

Figure 6.16 The simulation results of the “FD-DFWM” mode-locked laser. (a-b) show the
calculated optical spectrum and AC trace (red line) of 6xXFSR repetition rate case together with the
relative experiment results, respectively. (¢) and (d) present the calculated optical spectrum and AC

trace of 20xFSR repetition rate mode-locked laser, respectively.
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Figure 6.17 The schematic of the MRR. (a) The structure of the MRR. (b) The

dispersion curve of the TM mode. (c-d) The transmission character of the TM and TE

mode respectively.
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Figure 6.18 Experimental setup of the fiber ring cavity based optical frequency comb
generation. LD: laser diode, ISO: Isolator, FPC: fiber polarization controller, MRR:
microring resonator, PD: photodetector, OSA: optical spectrum analyzer, ESA: electrical
signal analyzer, EDF: erbium-doped fiber.
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Figure 6.19 The evolution process of fiber ring cavity based optical frequency comb.
(2) The optical spectra of 6 different phases. (b) The oscillator waveform of 6 different

phases. (¢) The ESA spectrum of 6 different phases.
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Figure 6.20 Temporal characteristic of the phase-locked state optical frequency
comb (statelV). (a) The histogram of the time interval error of the measured continuous
sinusoidal waveform of 40 us time length. (b) Measured AC trace (blue line) and

calculated AC trace (red line) from the corresponding to the optical spectrum.
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Figure 6.21 The schematic of the fiber ring cavity based optical frequency comb

evolution process.
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Figure 6.22 The schematic of the MRR. (a) The schematic of the four-port high-Q MRR.
(b) The SEM image of the waveguide cross-section with 2pm X 3pm dimension. (c-d) The

calculated mode profiles for both TE and TM polarizations respectively.
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Figure 6.23 The experimental diagram of the self-locked orthogonal dual combs
generation. TBPF: Tunable bandpass filter, EDFA: Erbium doped fiber amplifier, ISO:
Isolator, PC: Polarization controller, MRR: Micro-ring resonator, OC: Optical coupler,

PBS: Polarization beam splitter, TE: Transverse electric, TM: Transverse Magnetic.
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Figure 6.24 Experimental results of the Orthogonal polarized dual optical frequency
combs. (a) The optical spectrum of the orthogonal polarized dual-comb with 1W pump
power. (b-d) The enlarged drawing of the orthogonal dual-combs at around wavelengths
1530 nm, 1558 nm and 1590 nm, respectively. (e-f) The optical spectra of separated TM

and TE polarized combs.
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