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100GHz DY av A + 74 FRUNEHRGZBGEL, v~ 7nasoflizfrof, FELE
2 A 70 aLFEDSNIHERE ) ICGOEIALBERH 5. Z 2T, HBOLYRIR LTINS
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BT, AWICEE T 2 BEERGR & U CRUINEIHIREROOCE S 2 A, a2 o L B
WFEIC >V TN L, AFROHNZIRR 2,

B2 B, MUNEIRE O JEREEER IR & ARBEIREE 0K A O BERIC O W THIAT %,
B 3ETE, IR E A 7 aniionTiling,
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Thesis Abstract

Generation of microcomb using silicon nitride microresonator and experiments for
transmission applications

In recent years, a new method of generating optical frequency comb, called microcombs, using microresonators
has been attracting attention. Due to their high Q factor and small mode volumes, microresonators can confine
light inside the resonator and induce nonlinear optics that would not normally occur. Microcomb is generated by
four wave mixing, which is one of the nonlinear optical effects, and has higher repetition rate, higher integration,
and lower power consumption than conventional optical frequency combs using mode-locked lasers. The principle
of microcomb has been elucidated, and applications of microcomb have begun to be devised and demonstrated.
In this study, I have focused on the multi-wavelength nature of microcomb and studied their application to
optical communications. In order to apply microcomb to optical communications, it is necessary to meet the
communication wavelengths (frequencies) specified by the International Telecommunication Union (ITU). First,
I designed a silicon nitride microresonator with FSR of 100 GHz, which is the frequency interval for optical
communications, and generated microcomb. The generated microcomb need to be tuned to the specified wavelength
(frequency). The wavelength (frequency) of the microcomb was adjusted by applying the thermo-optical effect,
which is a shift of the resonance wavelength by heating the resonator. Wavelength division multiplexing (WDM)
transmission using intensity modulation - direct detection (IMDD) method was then performed for the microcombs
obtained using silicon nitride microresonator under two conditions: back-to-back and 40 km. The microcomb
transitions to various states by changing the detuning, which is the difference between the resonance wavelength
and the pump wavelength, and shows different transmission characteristics in each state.

Chapter 1 describes the overview and related researches of optical microresonator, optical frequency comb and
optical comb. On the basis of thesis, I also show the purpose of this thesis.

Chapter 2 describes the theories about microresonatorthe and method of evanescent coupling.

Chapter 3 describes the theories about nonlinear optical effects and microcomb.

Chapter 4 shows the experimental results on the evaluation of silicon nitride microresonator and the generation
of microcomb.

Chapter 5 shows the experimental results of the transmission characteristics of microcomb.

Chapter 6 summarizes this thesis.
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XUSHIC

HE ) bDIZARNIC & > THD THIEICH 2YHBIRO O LD TH Y, AEIINEDH 75 1
Wb LITMADLEZHL L TES, MDOFEICL>TRAZ2bDDEIBZEDS, DLk
EOEZRDEETZ2HDEBEOMIES ), BRI T, ZOORE G, S REI
B s EBHDIERNREEICL 207 LHEMTE S, ZHUIEICET 2EBEVIER %
BT, RECERLTVI16THL. KoWRDOERIZEH S, HRFV > 7Y - KX¥EE
® Buclid (B.C.330- B.C.275) 12X 200 &ML, EMEOFRICE c#lls, Hiv>T Snell
(1580-1626) 23kHT DI, Grimaldi (1618-1663) 236D MY, Newton (1642-1727) 23D 5
AL, XOMARIIRESHELL, 2226, KOMRIBIKORE - ERZELBD S, 17
AL IC Newton [ ZEDERRE, KB R EOWEIZIEEZRN L5225 2 L THETE 22 L056,
DR T AR 72, FRIICA 7 > ¥ O RLeE#H Huygens (1629-1695) &, JITIZ B O HE A
HBEVI, HOWEBEEZL, KT E L TEZLEE, oL vo kK% 3T
LILEDRTERDPSLTDODTHS, TDXIITNCORTFE, WEFIINZTEI L L5, D,
JeDWIEIEHEA, Young (1773-1829) T & 2 TFEEED 6, o TR I N, fll, <D
FEBR, FEREIC X D OGIINEE) L E R B EEDIL K 5D, Maxwell (1831-1879) »3¥&# L 7- dBRG I
&b, KZIEITH 2 AR 6 NG, KBEHTH L% 61E, TNEBIIEENH S L
LT, ZOBE T=—5) ) OBHERITON, 20k ) RREALFEBRIZ% fThhd, £
bERBUCHKE DD, KOWEH, =— T VORENEOLIRD 5. 20 I F A Y oS TH
% Einstein (1879-1955) %%, JOME 2R L 2 ReRAHNER G2 &, = — T W RSUIRE S 1,
FRLT LB D 2 ODWEZ SO E W) T RN E 7o 7,

BE, 2ok) BNoMERFELSfTONTED, XoWEZIEHLZZb Db Fohns LI
BoTCER, MOWHEZIGHLZbODRZHE LT, RaeREBEICAHINTLEHDI,
L —¥ (light amplification by stimulated emission of radiation; LASER) 724 9. CD - DVD % ®
ALY, FEIAHRP T & — 5 EONMESLEE - B - Gl ERIEZ BT 54D
bOICHAIN TS, EETE, L—FZ2HAL, ERIEEEIRO X ) BE L WKz R4S
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&, IWHTAWEREAIITbN TS, A TIE, BUNEHREICL -2 AT 5 2 LI
£ o THAET 2RI A ROIGHI DT Z21T ). BUINEIHRE N THAE T 2 IERIE LY
BIRICK D, w4702 PERING, 4702 3L BOMBEBIRT ZFFOART L TH
5 2 s, JEEFBICHANO@EIGEDE <, FERNZIEHAHIGF SN Tw» 2, KRS8 CTR S LAl
R3GBDIGEFICH DFEREIC D D3 NULENTH 5,

1.1 fVEHEIRES
1.1.1 FEHIRSR &S

VR0 7 £ OIRENR D3 D 2 FE D I CHREI L Tw 288, 2 JISHHERD S 8] U JE 1 il z
5228, ZOIREPEIGLTEDREL RS, 2D &I 2BR%EHIR (resonance) &9, HfR
BRI FEHPELAMNBE 2 Efc b IcfHETwS, BLANBICBT2HIRBERIL L C %
HokzBgicsn T, HEEEFEED) 779 v AE L w»E FICRET 5, EAIHR IR
JAPEC TSR 2 ERASRAR L 2 D, WHIREE TR E L2, 0 &) RHRBRIZGICE
LCHRERIC, LT3 ERHoNT VS, HHIRE (optical resonator) & MEIX L 2 K% 1T,
HDOHIRZFHL, NEERDONDAZHLADIMDOE .

R (L PR RE, BRISILRE, U v ZHHRE, 7 7 A NIRER &S K OB D B,
B L 2RSS ORENL2H E LT, 77 7Y —8— (Fabry-Perot) RULIRER2H 5 [1]. 2
DRI L 2 DDE WU FEE b OV RIS L Z DM DAD SR I 115, HIREIOEIAS S
o &, MREMZN TGN 2 DO PHFERZHEL, HUAD NS, MRS 27
Shvha, BRI ZOE ERRF72ILEHRT 5, HIREMIZ 2 D D VHIFRH O YGRS R DB
fGER2LIBNHTHY, THUIEBOMEDEFEM20 4. LR 2w TEBE RO —
DN 2 R OMEE — F LW, B2 2t — FRIOBIR (FEE) Mz BHA X2 F OV
I (free spectral range; FSR) &), 7z, 574 2 RBEBRONIT R L 208 CHIRGB N 2 H:E T
279, BEE—F EMEN 2 ZNZFNDRPEENIE U 72 E LRI O IR 3 AR D3R % 0 Wil 1S TR &
n5,

Vv ZIREG IR R S 2 ) v VEBERE G L OGO AT 24T ) N AP EREE 2 fH A
ARG TH S, AN, YV THRGOREF ELTI4 AN VI Xy 7Y —E—F
(whispering gallery mode; WGM) H:AR& % #1795



L1 fNVERE:

(a) (b)

v

r' N

Fig. 1.1 Tllustraion of (a) Fabry-Perot resonator and (b) ring resonator.

112 D4 ANIY Y ITX v 5 —F—RKHLIRSS

T4 ANRY T X e 7)) —F— FEIRE T, HIREG OISR Z RIS L 2536 FHRIC AR
L, ZDEIBTA4 AN YT Xy 7Y —F— P TIE R, TAFRICETIHRE LT
BHIENLLDTH o7, HRICBITZ274 20 v 7 F e 5 —F—FiF, 19124124 ¥ X
DYELAAE John Wiliam Strutt (1842-1919) IC X h g CRIMIS Nz, TniE, vy Froxr b
F—)LKEE N L, FHROMEEZ FFO@EWICB W TSI X ) ICHE2FT 5 &, FIoEE%
B CEEME, F2IFAFIR-> T 2HRTH S, L R OMEME, BE L OBFEEH A
EE, VAANRNN Y Y7 ——FIEUTITORX (1.1) TEINS,

MR=A-1 (I=1,2,3--+) (1.1)

(b) (c)

Fig. 1.2 (a) Acoustic whispering galleries. St. Paul’s cathedral in London with a 34 m-diameter
whispering gallery in the dome. (b) Illustraion of whispering gallery mode. (c) A stationary fluores-
cence pattern represents the intensity of interfering traveling light waves in a combination of whis-
pering gallery modes in a microsphere optical resonator. [T. Herr, K. Hartinger, J. Riemensberger,
C. Wang, E. Gavartin, R. Holzwarth, M. Gorodetsky, and T. Kippenberg, “Universal formation
dynamics and noise of kerr-frequency combs in microresonators,” Nature Photonics, vol. 6, no. 7,
pp. 480-487, 2012]



CCETHHRTELTERD, HHIZBVTHRKEICEZ DL ZENTES, VLAYV Iy
FV—F—RFZHOVWTHZHALAD S L) iR 274 28) v 7' F v 53 —E—F (WGM)
HAREE EPES, JHITER n OB S ERLI L7228 R © WGM HiRE D FSR 2L T (1.2) T

LG zohns,

c
FSR = 1.2
S 2nnR (1.2)

ZIZT, cl3ETH S,

IR 2 ROV 2 HEE 27 X —% & L T Q fili (Quality factor) 2% 5. Q fl 3% HiREHNAN
W ENL I ERBFALAD N 202 BIEL L 2D TH 5. —Ic WGM HfRE IIM 0 TH
WO EEZRT EVIREE LD, X 51 WGM HREHIVIHIIN T2 CMOS 7'm+ A % U Tk
WIS CMEBLT 2 2 ETRECH 5. HREHEZIFFINS (T 2 2 & ©, HREATO
E—PAEBL/NE 82, WOM HREBICB W TIENEO T 2L X —FEREE 0, JERIGR
RICTK b4 BBIRZ SRR THRAEIE LT LICORDD,

WGM HRZHIBE 2 MBI CHRIFEN T WS, SV arvFA b4 F 2]V F I LT AT RN—
M3, 7IVEFLFAETA R[4k D CMOS Bt 7 vt 2% WTERI 12 Y v JE K
ENAEWICHER I NS F v TEBIMOIIRE, >V ay i) ER ey Fr 70y 75
74, V70—%2@EL T YA (Si0y) DY ¥ FRHHREZFH L 72 b D [5]1-[7], 7 vib~r %>
LR T LA N T L E ORGSR Z Y] - DTS 5 2 LT WGM BB 2 TR L 72 b D [8],
[9] 72 EH3% 2. WGM HHREHIER & RO & 2 K E SIC/ET 2 2 ERHHETH 2 2 L D025,
Wt/ N7 A =8 2 HET 5 2 LT K > THTE DR GHz 4725 THz 47D FSR 2135 Z &
WTEB,

Fig. 1.3 Verious types of WGM resonator. (a)Silicon nitride chip. (b)Silica troid. (c)Magnesium

fluoride resonator.

1.1.3 VAV FA b 54 R tiRS

REfZETIE, >V arF A k74 F (Silicon nitride; SizNy, SiN) /e R Z HH L Tw 2.
vV aviA b I4 FRUNVEIRE X CMOS A7 a e 22w ciigEans, »JaryrA kb
7 A FE G I3 LA SR (Chemical Vapor Deposition; CVD) #Ei2 & > TR E L s, —
e 70 BLEE AR & BB G E 2 Fig. 1.4 1239, ¥V aryr A F 74 FRUNDGEREG ORI,
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1.2 ER¥%E A 4

CMOS 7ut A% w3 2 L2k 2 HEHMMEDERLITRETH 5 2 &, EIEMIBHITE -
E—FEETH 2720, 2227 v T OBUNEIHRER I AT I IR O i % fifi5e
THIENTELILTHS. 61T, FRINZEPFEMEEIZET E— L (electron-beam; EB)
IV 740 M0b LIk, EMECEEIL, HHREZHERT 2 2 L2EETH B, WEE, Q
fili 10" Z b2 ) avF A b 74 FHUNVEIRERDS, BUERA, FHEE2RR T2 2 Lick > THE
N7z [10]-[12].

; [ ] Resist [ |
| P | SiN [ ] 1 | L []
SiO2 SiO2 SiO 2 SiO2

1. SiN deposition 2. EB lithography 3. Dry etching 4. Clading

(a)

(b)

Fig. 1.4 (a) Fabrication process of a silicon nitride (SiN) microresonator. After the deposition
of SiN to the desired thickness, lithography and etching processes pattern the designed waveguide
with a SiN layer. A silica cladding can be performed to protect the resonator from the surrounding
environment. (b) and (c) Appearance and waveguide structure of silicon nitride. [H. Guo, M. Karpov,
E. Lucas, A. Kordts, M. H. P. Pfeiffer, V. Brasch, G. Lihachev, V. E. Lobanov, M. L. Gorodetsky,
and T. J. Kippenberg, “Universal dynamics and deterministic switching of dissipative kerr solitons in
optical microresonators,” Nature Physics, vol. 13, pp. 94-102, 2017, M. Karpov, M. H. P. Pfeiffer, J.
Liu, A. Lukashchuk, and T. J. Kippenberg, “Photonic chip-based soliton frequency combs covering
the biological imaging window,” Nature Communications, vol. 9, no. 1146, 2018]

1.2 XERRE#HIL

SRR D A0, BERITEIC B TR L AF E LT, EIRBEIR I 3 V> TR 12 S b 1
BARZ b VEGOHTH D, S CBIN S N 2 TR (24) RTH 270N HH 2
L EWEN D, T OFfiiZ Theodor Hinsch, John Hall o K 235 % 53 el & H i o w28 [15] 12
L, 2005 F0D / —_VYHEEZZE L7z, D, BECEZ FCRNICEHEZED T
2 EiCh 5.

JFAPH a2 L DERED 1 2L LT, = FREML =Y Z2H L OOV A5 2 KT 2 kD
b5 [16]. TOXIHIRE—FHEML—YICIZF ¥ %7 7 A4 7 (Ti:Sapphire) L —¥ 4 15 (Er,

-



Yb, etc.) W7 7 A N =YD TSNS, flic, SCEEEa LDERIE L L TERICALH
7t (electro-optic modulator; EOM) Z M\ 2 Fik3dh 5, RO L2 L TERI N5t
PR JFELANYFET 2L (EO ab) EWFEN S, ik, #Hke)t (continuous wave; CW)
L — ¥ 2 BRI A U TN AZS ]2 A % 2 8T, L—HFEELSH A PNV P2
AR — PRI S T ETEMINSG., FLHIRGEZHEHL A 70228, IE5
FELH S, TUECW L—H2HIRBICAH L, FEEESIRO—FTH 2 DGR (four
wave mixing; FWM) % L — ¥ & %2 thO I R 2 O FSR BT A7 — FIIc A 3¢, BT
5E0)bDTHS [17]. DX BIHHPE 2 L DRPIIA 2 )Lk MHz 4% 5 THz 4 £
THATH 5.

FERW A a & % R RS OB 2 854, MR TRV O OV RFITH D, ZDOREDIR LA
BIZaLZRT PR TH 2 frep DT I NG, X7 JHBPEGHIR O BH 2 H12B T,
frep IR THRIBE OHz % THE L BEDA 7 2 v B Z X v 72 Xu—7F 7%y b
B feeo EWPE, BB fip EF vV T7Zr X0 =74 7%y A fro 2154,
JRRPE A LD m FHDARY P OVERDJHBEL frn 1ZDAT (1.3) DL HIcREI N5,

Jm :fceo+m'frep (1.3)

IFFEIREISR I B 1) 2 ERE B a 2 I3 HHRER D D OB X o T, 2OV A &R & 2 OREENE 0
DEZD, KOV R 1 DI EMH 49 TORBET S, ZofitiEZx v ) 7y Xu— 7t
IR, IR (1.4) D k) RBRE L3,

Jeeo = (A¢/27T)frep (L.4)

PLED 2 DDOBIfRAL 6, THz &\ ) IFHEISE GBS, MHz-GHZ W CTH % fiep & feeo ZH
W HliZe 1 R TREZ 2 L2 5, Thbb, KKK L0FBEEREEZY 77 v R E
LT, v A 7 aifE & I EESE YA L 7 Mo R RHIEEZFEBT LI ENTESL. I
3, WLz TOLYDb DI L, LESHEETH B,

HRAPE A LDRED 1 DELT, fip & foeo £V 2 ODHBERHZMET 2 2 EHHRETDH
2R 5, ZOWUEFIEFZHOSRE (f203F) (18] LN TE D, A2 4 iz
1 4274 —=7B IR, 2 KEHREZBESETCE-MESZMNET DD TH S, HIKDK
RSB RS E f, L3528, 1 A7 —=TBUEREFSA, 2n BHOE—FLTEFEL,
Pon =20 frep + foeo ERIND, HPE 2 20K 2 HIREFKAESE, 2 OEMESH 2f,) €—
FEHARBED 2n HFHOE— F2THIE, Foi5E— FEWKEK (frea) (&, LTDO (1.5) THE
INs.

fbeat = an - f2n
= 2(l’lfrep + fceo) - (znfrep + fceo)
= feeo (1.5)

LERINs, AASHIEZ VT fiep, feo ZRET 2 2 LD TE UL, EEDARY PVt E KD
22 EDHAEE D, JHBEE 2L TOPYDLDI Ly ELTHAICHMNTS I ENTES,
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Fourier
transformation

—> W w

Fig. 1.5 Consecutive pulse of the pulse train emitted by a mode-locked laser and the corresponding
spectrum. (a) As the carrier wave at w. moves with the phase velocity while the envelope moves
with a different group velocity, the carrier wave (blue) shift by A¢ after each round trip with respect
to the pulse envelope (red). (b) This continuous shift results in a frequency offset w, = Ag/T,
which prevents the comb from being comprised of exact harmonics of the pulse repetition frequency
wr. [T. Udem, R. Holzwarth, and T. W. Hinsch, “Optical frequency metrology,” Nature, vol. 416,
pp- 233-237, 2002]

1.3 ¥A420834h

BUNEHIREHC CW L =5 %2 AR T2 Z LTRSS 387 X b U v 78R CH 2 IWDEIIRA
DFAEL, FREINZEABEH L2470 aL LR, ZO85 X Yy 78BETIE, 250
AT DIRFR T RT (ST FANETA R CEBmENG, ZOHTR7 LG TD
JAMWEGEDI 2 A4 712D FSR & 74 %, JEREEPHUNEHREBOIRE— N C°h 254, £
s ONTHIIRL, HREBANICHHUIAD OND Z LIk D, YT FVNEETA RN AD
LB LIk, ZNZFNONTFEZAAL TS S IMDEEIEADFE L, FSR O JEEEGE TH
T TFNHETA R IHBERSIND, ZDX) BRI H Ay — FIICHETEZ LIk
D, vA47aalLPERINDG, OFD, BUNEHREED FSR 3% A 70 3 L0 fio, ICHET S
EWVWIHITETHS., ZDLHICEZDLE, 4703 MEFHRBOIIRE — NicEbE KRNI
BRI D L) IBbi s, %%@ﬂméﬂTLii :nu%ﬁ?% SR DO X
25DTH5. w4 7BALFEDLD i,ﬁ%%@ BUSEARICRE DHE T 20E3H 5
ZEPHIENT WG, 2 ﬁﬂi%ﬁ%ﬁ%@% %%ﬁﬁ@y7r%ﬂ%ﬁ?ﬁ@:%ﬁ
BrL7bEEDL, 20D, #ﬁ%&\%@ﬁbAw & o T, HEWIEWArRIc B v T FSR

EMRMBEBDNZIEE IR N, w4 7 a K EORB L o Tw b, EFICLEE R~ A 7
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O aLEERT 27012, BUNEIHRER O BEREH 2 RSB AT O DD %,

Dk w4 7 va BT IRAOBE L 2007 FETH o, T ITE, AvF v TOMUN
HetRER %2 T, 500 nm ML EOFHRD A 7 v a sz @l L, REBGEESCDLE Lo b
HICEHTH B L RsnTw3, 2011 4EICIF 1 A 77— DA 7 0a b DER%2HEEL
TWw3, ZDXIHREEIZ, A4 2@ TR —4 > 28 (EPFL) @ T.J. Kippenberg 27 )L —
ToMEINTED, BETHHRITOMESZKE CEI LT3,

Wavelength (nm)
2300 2000 1750 1550 1350 1200 1100 1000

mode spacing i
—>
1/2xfgeo

20
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o
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)
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<)

&
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1 L 1 " 1 " 1 L 1 " 1
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Fig. 1.6 Octave-spanning optical frequency comb, generated in a 40 um-radius silica-toroid
microresonator with a mode spacing of 850 GHz. [P. Del’Haye, T. Herr, E. Gavartin, M. L.
Gorodetsky, R. Holzwarth, and T. J. Kippenberg, “Octave spanning tunable frequency comb from a
microresonator,” Physical review letters, vol. 107, no. 063901, 2011]

=4 Span: 300 nm Optical spectrum
g Spacing: 68 GHz
<
o
S
T T T
>
5 Span: >300 nm
% - Spacing: 76 GHz
o
S

T T T
1,400 1,500 1,600 (nm)

Fig. 1.7 Optical frequency comb generation in crystalline MgF, (pump power = 500 mW) and
Si3Ny (pump power = 3W) microresonators. [T. Herr, K. Hartinger, J. Riemensberger, C. Wang,
E. Gavartin, R. Holzwarth, M. Gorodetsky, and T. Kippenberg, “Universal formation dynamics and
noise of kerr-frequency combs in microresonators,” Nature Photonics, vol. 6, no. 7, pp. 480-487,
2012]
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1.3.1 9B

S8 (dispersion) & XEMT 2 HOWREIIG U T, BIMIFFNGELEE L 2BRKD 2 Lx» 5.
JEEIT BT BN DOWRIC K 2 BE ORITROAER, FREFEZ R 23, HREDEAIC
20rHE, HRE D FSR RIS L T2 T %, WREAED Z L 2R T, BRI, ,\171%
o FSR fa%ﬁtﬂa‘%ﬁﬁﬁ BT AR ZERIKET 2 n() L TH5ZETHRT LI LN
TE 2, HRBICB U 208, BEOEITENE ICKE T 2B L, SRS o B A

IR T 2 WIS %&@_@*ﬁ 3T B EMTES, HREICE T 3080E 2 FRE O S EE R T
22 LTHMEL, ROBZENTES.

HLAEE 0 DIRE—FZEHEL LT, v A 70 asPRELCOIEHEEZEZD. w47
0 aLDEE— FERMEDSHALMNES u ORI L, DS u HHOMIRE — P oK
wy 13 Taylor BFIC X D, DLTOR (1.5 Dk )icksns,

1
wu=w0+D1,u+§D2,U2+'“ (1.6)

Dy Zh DA TDE— FkE, Dy R OSEL, Dy OWEKFE2ET. EWNIBOLA
Dy IZETH Y, HEABPICHRLICONTESR B %5, Lo T, HRE—FEIRAVY7TE—F
ZEE L I2REET, 2FRMEEEEICY 7 P35, BRESWOGE, Dy ZIETHD, EEMEIC K
BZIZONTESR BILL %%, Lo T, HRE—FIERY 72— F2EE L IRET, 22
BN 7 b T3, BRSO E BRESEROBRICOVTUTICRT

dFSR dFSR

0 <0, e > 0 : (normal dispersion)
dFSR dFSR
— >0, < 0 : (anomalous dispersion) (1.7)
dw da
2D2/27r+ (1 /2) Do/27+++ (A /2)D2/2n+ 2D2/2n+~~-
Resonance' D:/2n : Di/2n A Di/2n ' Di/2n : Di/2n :
mode .
\l\ | | f | |
| | | | |
| | |
} 1 1 >
fo fo Frequency

Fig. 1.8 Resonance frequencies taking dispersion into account. The mismatch between the equidis-
tant comb grid (black dashed line) and the resonance mode (blue) corresponds to the microresonator
dispersion [S. Fujii and T. Tanabe, “Dispersion engineering and measurement of whispering gallery
mode microresonator for kerr frequency comb generation,” Nanophotonics, vol. 9, no. 5, pp. 1087—
1104, 2020]
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MRS RS O i 2 4 2 L CHELR I XA =8 THY, UT (18 DLI%HtL~<A
Y — DA (Sellmeier equation) TR 5415,

2 =1 A 2 1.8
n()—+2(;ﬁz__Bi2 (1.8)
=

TIT, A LB IMEBHCKET 2 L2 A YR EWIENE 5 X —FThH 5,

100 :

SiO2
Mng

50

D (ps/(km nm))

[0] I L 1 I L 1 I L L
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Wavelength (nm)

Fig. 1.9 Material dispersion D of various platform: silica (SiO,), magnesium fluoride (MgF»),
calcium fluoride (CaF,), and silicon nitride (Si3Ny). [S. Fujii and T. Tanabe, “Dispersion engineering
and measurement of whispering gallery mode microresonator for kerr frequency comb generation,”
Nanophotonics, vol. 9, no. 5, pp. 1087-1104, 2020]

SR AR O 7y BRI MR B2 T Cld e, RGO BER T X =5 Th %, WEmsiig,
BMEORGICENT 2 b0 TH 5, BARICIE, Sioxtd 2 58 EIrRICEKAFESH 2 2 L %
AL TS, BETBUIEITINICRD 2 2 8L <, FAPREZEEE (Finite Element Method; FEM)
ZHVTRD 2, FEM 2wy 3 2L —2avid COMSOL 5Dy 7 F 7 = 703H b [21], #
DEI By Iar—varvivs e, HRMERICHT 2EHEE— PP, RSN ER
R RKD B I ENTE B,

1.3.2 FERERKRE> 7 b

AR DSNEL 7 —DEFNIE L T 7 T 2 HRZIEPEBLE S 7 F LS. ZoBR
FVEREDFET 2 L XV OWH T — 0 £ FICHFICHND, ¥ 7 MEOFRIFENE fur 1&
DFA9 DkIicksng,

‘M=h—ﬁ@§ﬂ (1.9)

n Aecf

fo 133 7 PETOIARAPE, n 1 ZJEITE, ny (ZIERURIEITH, Peyy BIHREBONIE T —, Aeq 1&
FNE—FARETH 5.
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14 ot —v U b+ v

1.3.3 #FERHIT L

BURBEES 7 M E, BOCEAIR L BUEEAIE L W 2 ODBROEFSIC X ) RET B, BiIFIEE
WX B2EMBEITROEAN (dn/dT) ([TERAL, HBEIZLIRBEDZ( (dL/dT) TR T 2, B
X 2WET 7 MEMTF (1.10) D k) ic£In s [22].

nlL

Ad,, ~ — ( —AT + ——AT (1.10)
L n

LdT ndT

AL An) (ldL 1 dn
) .
m

22T, AT BIHRaGOMmEL L2 R,

2ODPHT 7 P OB Y7 FAEEZS, HRGICAH SN X v T RBEE E R
B ARG T 2562525, Xy 7RBEEEHRAEBDOZETH LT T 2a—=v )
NS Bz oNT, HIRBNICPHUIAD 6 L2603 2. W I RSN 7 — b 8
L, IEERIEE 7 b EBJEBES 7 MBI RO 5. 20 L E, R BRI
7L, XYL BLLT S L) BRI S NG, B 7 FBRKRE A 7R TR
¥ TSR R BB L, ST — 38T 5. NI ST — s A s & O SRS
7 FEINBHOMEIIFS> T, BT —D L —FZEHL, 5 LEE, HRT4 v 7k
o —L ¥ VIR (Lorentzian) & 7 2235, @ N7 —DL—¥ZHHL, W5lL 7256, HAZAE
IR (Triangular) & 7% %,

1.4 EgMEH—YISY

Y U k¥ (soliton) (&L ZARDEITH O, REEEEEM L THIIR, BEEIZZEML v, Kl
D& ) ISV AP DL, eV U by S BUNEREG R GV U by olRkiE, HHR
DT X B0V AIRDY Y & 3 AAHZH (self phase modulation; SPM) 12 X % 7L X A D
D&V, FIfF 372 Yy 78R EHRICK 27 —DFD AV EW) T TUNT v AR
TIEWCEDERTE, COXIBRYTITANTVAZLTY ) by 2ERT 570 IZ RN
BEXRY THPEBDETH LT F 2 —= v 7 OFEPIERICEHETH 5. VY b AR IZHRM
BT LT, By P THEBAMEREEMNC A E T 2 B H 5. Zdud, HRERICN L TRIER
MO TH 2720, VU IR LTL v F7F 22— (red-detuned) THAET % & FH
ENB, ZDXIBYTITNNTVARTF 2 —= v 7Ol %272 L, #MNEHRBNTER I N
322478 ab®zERMES— ) kv (dissipative kerr soliton) & FES, 2D X 9 okt h — )
F >1& 2013 4EIC T. J. Kippenberg @ 7 )V — 7035 L7z [8]. ZOWld, 7Fa—=v 7 EAT]
N — %P HET 5 2 LI Ko THUMNEIHREINICY Y P v 2 ERTESL T ERFEIEL . F7, €
Yal—¥aryAvA¥EY T 4 (modulation instability; MI) 225V ) b ~NBK T %, NS
7 —DPEBARICZLT S TY Vb RATy Ty 2BITE S L BMER L. RO 7 mal
EHAABIRETH D, B/ A XTHEESORT LY, VY FryasidMHEEEh, K 4
ATH270, TOWMHIIA 7B abPFRICETRERA VT F 2527
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Soliton
(pulse)

Pump
Random phase

No pulse

Intracavity power (a.u.)

Pump laser wavelength (a.u.)

Fig. 1.10 Bistable intracavity power as a function of laser detuning for a linear (blue) and a
nonlinear resonator (orange). The dashed line marks an unstable regime. The effectively blue-
detuned and the effectively red-detuned regimes are indicated. In FWM combs the phases of the
comb lines are constant but random, which leads to a periodic but not pulsed intracavity waveform.
The left inset shows the optical spectrum resulting from cascaded FWM and illustrates how the
superposition of comb frequencies (blue waves) with arbitrary phase (black arrows) results in a
periodic intracavity power (red). The presence of a soliton implies synchronized phases and a
pulsed intracavity power (right inset). a.u., arbitrary units. [T. Herr, V. Brasch, J. D. Jost, C. Y.
Wang, N. M. Kondratiev, M. L. Gorodetsky, and T. J. Kippenberg, “Temporal solitons in optical
microresonators,” Nature Photonics, vol. 8, no. 2, pp. 145-152, 2013]

VU P aLsDEFBRIZOWTHATS, HEHIRE—FICHLT, v 7L —¥2EEEM
25 RERANCHEI 2179, V—¥DHIRICAZ &, W7 —DHMLLSCE T 2EY 2L —> 3
VAVAZEY T REBE RS, oL FHIRFABEEIIIERIE RS 7 bR REB Y 7 R
Eo Ty 7 T30 BT X)L —F2ERERRTI LT 2 L, HREBAT 77—
WAIEIL, VWWEREAICE =4 70 a8 b L {fTh s, WERIIHE, HIRMK
ROmRAY 7 PRIGET 2 LRV 7L —WIdHRD S5 223, FRHCRERMICS 7 FLTw3
VY URRIZAS, O ERUINEIHREBNICIZEET 2 2 OV AEUCIG L 72V Y b U DD D,
SHICERRI 2RI EV Y P UEPOAND, ZDEE, b)Y FURICAD L EDD
0% ZHUIOVAEDWA L7V ) FUBETH B, IOV AEDIA Y ) b URIE ERK
Bcy 7 832420 ThH5, ZOXHICRLICY Y M 2B B LLEE, WY —2BEHRD
kI RRE EZ7D, VI P RTy TERENS, VY PV ATy THED X)) BRI (ED
VBNV ABDYV Y R WMBEPIIRFTERICT VT Lo TnwS, —fINic, HIRENHED L
ABBEEH 5~V F V) bV, = DDBRBEET LY AV Y F YD 2 DIREII NS,
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Fig. 1.11 Transmission observed when scanning a laser over a resonance of a microresonator. The
transmission signal follows the expected triangular resonance shape (see inset) with deviations in the
form of discrete steps (green shading). [T. Herr, V. Brasch, J. D. Jost, C. Y. Wang, N. M. Kondratiev,
M. L. Gorodetsky, and T. J. Kippenberg, “Temporal solitons in optical microresonators,” Nature
Photonics, vol. 8, no. 2, pp. 145-152, 2013]

VU by aboEiciE, VY ATy T EREN S HANTERmL 2 1LY 5721 TR Y
EEZoN DY, MHICHEBTEZ2HDTERw, I, EYalb—varyfYAIEY T4 h
5V Y Ly NDEEDBRIAEL 2NER T — D2 K i EZDETH 5, HlRde)’
AWicmHzns 2 itk ), HROWES 7 FEPIBAT L0, HR» S, VU bR
HPH O %206 TH D, DK BITEZRIRT 5 72 DIThkL B ITIEPELRINT LS,

VU Frvarodgake LT, mbfEfETd 5 FiEEL —F 2 — = 71k (laser tuning method)
Thsb, i, Ry 7L —VolRmIEE2ZGIHE L, MMREBOMHAZMILET2FETHS, B
PRI, Ry 7V — S ORI HE 2 BIABOEE L O S 52 2 LItk D, W7 — Dk
T & 2 ERZEESE, V) P yANERTBOBHAIZITLHET L) FETHSL, VY b
VHBICE VT, BCPEPREEZMES Z EATERGA, VY Y OFEHEBRIZEE L 2\ wb o L
5780, #WiEkTF 2 —=v 7HIACHERI 2 1L0 5 2 ENTE YA, MEFEITY Y b rEAERR
SEDIENTES., 2D L) BTFRIFRBOMELZ &I Rk 2 BIRBORE 2 Ff> 720, VU b
YALZERTEIEPHLVHRGELH B I LIHEREL v,

BOWEZZ TP T OHRBMEOSAD Y Y by a b ERFIRICOWTHIHT 3, BwogEz
ZIPTOMEE LTI avyF A 74 PR Y AR EBRENTH S, 20 &) 2Rk
PR OWRRIREZFEEL, VU by asz2ERT 5 L) RUEFERRZ D, LI IER R
WHDETZREVRH L, 2D LI BFHEIIRINC7 7 A M A% v~ (fast scan) 72 & EMEEILT W
% [23]. 77 A FA¥ v v, BERBEFIRE (voltage-controlled oscillator; VCO) 12 &k 3 2 FiE 5
ZHOWTERINS S v 7 VYA KN F (single side band; SSB) 2 k> THEII N5, EE
TR 12 &k 2 Ed A ATUEFIC X D, BARGEE X D bl L —Y 2R3 5.
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v/targeted soliton state

transmission

laser scan
control voltage

a.u.

Temperature

>

scan time

Fig. 1.12 Tllustration of the laser tuning method, where a laser frequency scan (green) is performed
that stops when the targeted soliton state, marked by an orange dot in the corresponding transmission
signal, is reached. The grey line illustrates the signal that would have been observed if the scan
had been continued. The system remains stably in this state when the appropriate scan speed is
chosen. [T. Herr, V. Brasch, J. D. Jost, C. Y. Wang, N. M. Kondratiev, M. L. Gorodetsky, and
T. J. Kippenberg, “Temporal solitons in optical microresonators,” Nature Photonics, vol. §, no. 2,
pp. 145-152,2013]

—>
SSB-SC . . comb
Silica Chi
Pump | [ =~ [™ P output
Laser | T : PD
(a) VeO ey Freq.
Control

AWG —

PDH Lock

Fig. 1.13 Fast Scan Setup overview. An SSB-SC frequency shifter is driven by a high-bandwidth
VCO for fast frequency control of the pump laser. [J. R. Stone, T. C. Briles, T. E. Drake, D. T. Spencer,
D.R. Carlson, S. A. Diddams, and S. B. Papp, “Thermal and nonlinear dissipative-soliton dynamics
in kerr-microresonator frequency combs,” Physical Review Letters, vol. 121, no. 6, p. 063 902, 2018]
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1.5 JtifE

fliiz, /X7 —%* v 7 (power kicking) ¥ [24], [25] S #fii L — ¥ (auxiliary laser pumping) % [26],
[27] Lo FERH D, TD X BFHEIE, VU P CAERIERNCREZLTEZ TRy 78
7 —% AP I ¢, BEICR Y TNy — 2 23R 5 Tk, ftRe— FEEL —9
TRY 7T EFELRLE, BOWELZ/NI T2 0FETHS. VI P YERICE W TEOE
BRECSDTHZ7cd, ZOL) BEDYEZINA S FEIIFHICEALZLDTHS.

1.3 um
1.5 uym pump laser auxiuliary laser
o
:
¢ K
— Frequency
1]
: [ ]
o
a
Frequency
C-resonance
g
gsmTj [tet ]

Frequency

Fig. 1.14 Upper illustration, only the auxiliary laser is coupled into a resonator mode. When
tuning the pump laser into resonance, shown in middle illustration, the thermal shift of the resonator
modes automatically reduces the amount of light coupled into the auxiliary resonator mode. Bottom
illustration shows the abrupt transition into a soliton state, which reduces the coupled power of the
pump laser. [S. Zhang, J. M. Silver, L. D. Bino, F. Copie, M. T. M. Woodley, G. N. Ghalanos, A. @.
Svela, N. Moroney, and P. Del’Haye, “Sub-milliwatt-level microresonator solitons with extended
access range using an auxiliary laser,” Optica, vol. 6, no. 2, pp. 206-212, 2019]

1.5 YEE

FNCERZEMZ TERZERT 2 b 02 NHlE L ), i, REHHSX T 2 8Kk034
%K, WRILDHZHNNEL KT LICL> UHEERREZRELS THIENTE, BEEHREIHE
WZEREDPHEELTETONS. I 0”7 L7 17 ofREoR L FiEE LT, MEAHY
WAHZER 2 E03D 208, — MR S 2 FIRIEmEAHTcH 2. JUIEE 07 TR L Tk
DHREZ off £ L, 55 “1”7 ICHL TEXDMEZ on £ T 256D TH 2. ZDOTFERIFHREELN -
[EH% (intensity modulation - direct detection; IM-DD) A & MEE 5, fhic, MZHHAFZ MW
2H5DIE7T4Y ¥ akt—L v (digital coherent) 5 & MEIEN S, T¥¥Lakt—L v Mg
FHEDBEEI T T AL, FELTOWEZAMNY 5 2 &, Kl - KAREEZRNICTE
T2 ENAMREARFETH B, B ZIEVUMNAHZF (quadrature phase shift keying; QPSK) % >
75, JEICTEE 5 2 EAREAREEIE (117, “107, €017, “00” @ 4 EMEHE D, BREAH - E
BRI E R, 25O HREEZ L6 T LD TES, £, EHRTZ2200KEROL R
EVOHMEZMAL, XWE, Y mECRERZERZEE 2L THEIC2 FOEREZIEET S
EHARETH 5. UL EPUMHNAHZT (dual polarization - quadrature phase shift keying;
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DP-QPSK) E MR, BREEZSHH - e A L R L, 4 f5oEHREEZ 70T 2 LI TE 3,
ERlofh, B4 RZHHRIC X 2REPTONTED, HEDEEZRIT T3,

JERB I IN 2 WREFICTOVTHHET 5. WEEIERITIINE7 74 Ao s,
7 7 A NRER S EICEREEN R D, BRI FIRE A2 B R AR IE 1000 nm - 1675 nm &\ 9
TP R E > T3, S5ICZORRIFEDOTTHlMLInTE D, UToRD L) ITE
INTWE, M7 74 NOEFEEREZHZRE L, JOBEOHEREAE C-band L HOLNTWVR S,
DX BPERARANTTF v 2NV T LICEREZBEL, Fr 2 V2L ELIHEET 2008E
K2 W R #%E (wavelength division multiplexing; WDM) /73X & WESS, PR #1% HE(E 13 %
{DF ¥ 2N E NI L7-ORBROGEFZERET S LTE, MEFTROMHINT
WHEBETATH 5. WRAELEBEOREBMNTCIZREL 2RO EZ ST 58K —F %
DT 2 FOVBHE L, FPERL 2L TESE2 2L 5. JOLHIZ Bl L 2 mEEH
AL 7% EBRFURARRICOEDE GRS NS, PEAKL —FE2EHL oL skEEk
ZEA (multiplexer; Mux) ZHWT—ARDN7 74 NICAN, BEZITH . ZEMCIXTHE
(demultiplexer; DeMux) # MW CTHEEEDHITT, 74 T4 779 TEFE2ZETS. 120D
WRETELZBEITEN, 200WET2H, 3200WETIHELZ LI, LOWEE (Frx
W) T2 TEHDETEXEDL LV TE S,

Table 1.1 Wavelength band for optical communication.

Band Wabelength(nm)
T-band (Thousand) 1000-1260
O-band (Original) 1260-1360
E-band (Extended) 1360-1460
S-band (Short wavelength) 1460-1530
C-band (Comventional) 1530-1565
L-band (Long wavelength) 1565-1625

U-band (Ultralong wavelength) 1625-1675

PR E L EWBE I, WREREOIN BRI E 7% E (Coarse WDM; CWDM) & fu i
HIEW R E%HE (Dense WDM; DWDM) O 2 DOFESNH 2. ZNZTNOWR, JHHEIXEE
BREEH 4 (International Telecommunication Union) 12 X D EtGICHEINTE D, T OWHE,
JAMEEIE % ITU-T 77 v B EWES,

MR ENESREOPLEREIZ O NV K, EXYE, SAYFE, LAY F2&% 1271 nm A
5 1611 nm % 20 nm [ CTOEI L 72 18 R TH 5. EERIC 18 WREZ2THMNT 27 — R34k
{, 1471 nm- 1611 nm @ 8 HFE2> 1531 nm - 1611 nm D 4 WEIL fFHI NS, T DHEARD
EIRS Nz B, — B2 RELZHE (WDM 7 4 L%, Mux, DeMux %) #% < flif§ 2 C
LR TELDTH 5,
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1.5 JtifE

PRI EI S IO PR TId R <, MEECHESRO 5N Tw 5, FEEERRIESH
T v TR L RIBEHEREZHIR E LTWwE ), 7V 7L TWC AV FE LAY FET
BEH SN, BREARZHRIE 27-0IFFISHC AR SN T3, BB EIFERE I3 100, 50,
25,12.5GHz ® 4 FiiH H, 2NZATF (L1 IWRSN2 &9 A h LR TS nTw 3,

Jfioocaz = 193.1 +n x 0.1

SfsogHz = 193.1 4+ n x 0.05

fscrz = 193.1 + 1% 0.025

Sf12.5cuz = 193.1 +n x 0.0125 (1.11)

CITnld 0220 3ADEETH S,

PRy #% B (G I FER 2B E ATl dH 20, MERbH 2, ZEZHEMIEIEE (Fv
V) BOFERL —FDRRETH ), ThZNDL —FICH L OERLEND7DIZT7 4 —F
Ny 7 RNTDHERHY, a X FRHBEENPERT LI LTHL, IS OEEDORE
BLET) LTI E LS A, L L ZofEid~A 7aa stz lvs 2 Loy 3
CEWTED, A7 abiF 1 DONED S INCERGFIREAN—F 52 L TE S0, FSR
Z ITUT 7'V v FiZabeid A, HRAEEE ITUT 77 v FORLEERICGEDE 2 2 8T
UL, BEEEREZEBEICNT 2 2 EHRETH 5.

FRRITvA 7 ua Lotz L, BRSHIZ EEET > RENREITIRZHHT 5. 2017
fEIT T. J. Kippenberg & C. Koos D 7V — 7 DL [E Tt L 72 “Microresonator-based solitons
for massively parallel coherent optical communications” Tl, ¥V av+A b 74 FZHWT, ¥
LFEY Y brasz e CEERE 100 GHz, 50 GHz O % IR 7y 1% Hid(E % 92358 L 7
28]. 2Ok H~eA 7uad)GBEICHIEF 2= Y IRy = [29], EYalL—varAV
AFZEVT4an[30], VYEvah, YUYLr7YRZN[3]], ¥F—278V A [32] s LHRA 7
ILRETCHIES NI DTS, LarL, ZNZEhFa—) 78—V Y Frafifkc
DISERHEFHT 2T > T2 b DL, A RO~ A 710 a3 A2 KRMNICE Lo LT
5501, FEIOGEFICH Z B 2 725G, EDX) A 70 a hpHEIETSH 50134
HieEFlhoTw3,
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a b Resolution bandwidth, 0.05 nm
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Fig. 1.15 (a)Principle of data transmission using a single DKS comb generator as the optical
source at the transmitter. (b)Section of the optical spectrum of the WDM data stream. (c)Principle
of data transmission using a pair of interleaved DKS combs at the transmitter. (d)Section of the
optical spectrum of the WDM data stream. [P. Marin-Palomo, J. N. Kemal, M. Karpov, A. Kordts,
J. Pfeifle, M. H. P. Pfeiffer, P. Trocha, S. Wolf, V. Brasch, M. H. Anderson, R. Rosenberger, K.
Vijayan, W. Freude, T. J. Kippenberg, and C. Koos, “Microresonator-based solitons for massively
parallel coherent optical communications,” Nature, vol. 546, pp. 274-279, 2017]

1.6 FHROBER

BUNEIHREHC X 2= A 70 a LRI, fERD KD D M2 2Ky b7y 705
K2/ N ZTREIC L, AR RZLE —, a3 R N7 v ERERARELEZ MO TS, IE
%, ZDEI A 70 aDIGAMESPHIEIUIC D TR, <4 782 ZAONEEIH & W
BT Fa— ) v IRy =9V Y rvarhtfcah=A70asrzHoTiHEINT
W3, L2L, 20X BETHREZF2—) 79—y ) brarklwindrol >0
v A4 703 MREOERFEZHE L b D0 ) TH 2, AWZEIIEL R~ A4 703 LDRET
R 2 JIE L, YolEIcHZ AIEA 72 ETED X ) e 70 a MRENMHEL TW 300, F
7o S e WFEENI M 2 ERNICHE T2 L2 HNE T 5, AR TIE4EEHO~ A 71 a LR
BTOTANY =y, Ev b2 I—L—b2HELL, £, w4703 lDERREICEELL
25/ A4 RIBT Mt 2T o 7%,
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B2E

N EHIRES

2.1 HIRIIEE
2.1.1 NIEIRES

(a) (b) (c)

L/2

Fig. 2.1 (a) Ring-type optical microresonator with a round-trip length L. (b) Fabry-Pérot res-
onator with a round-trip length of 2L, consisting of two reflective mirrors. (c) Resonant spectrum
characterized by an equidistant free-spectral range (FSR) and full-width of half-maximum (FWHM)
linewidth.

FREGOME X, 7 7 7Y =R —HREZETIVICEZA T, ZOETIVIE 2 KDOAT
S PIHE D SRR S 1, Z O ORRETA 2D IR 2 EZ 5. JEHRE ISR T 2 7
DDFMDBHFEL, ZHEIREGRE L ENORBE v IC k> TERI N MHEMAETH 5. s
FOMAEFHET BRI, MHHP L T b 2 ENEFETH S Z Lo, (Bl & SR D HZ
LaBRT 2 LIk > THIRDEMZ KD 2 LW TE S, ST T 2BEOMMLMRIE, K
S A5 L € — F TTE (Transverse Electric); % 7213 "TM (Transverse Magnetic); 12 X > T
2203, SENIBHHNCN LT REICAN T 2 EIRET 5. 2Dk hé, HELREIZ
n(TEE€—F), bLCIEFOMME—F) £45DT, EH50 2MHDOIHTHL %S, koT,
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52 B BUINEIHRE:

HIREAFIZDT 2.1) D k) IcER B,
k-2L=m-2n (2.1)
STk IO E, m3EETH S, N Q.1 ZHWT, B HEICET 3 RS2 E L

ZLEWBTES,
c

=M — 2.2

v m L 2.2)
2L

A = — (2.3)
m

CoAN»S, 777 —Ru—HRBOMRE BT ERR AT 2 2 Lodbr s, ZolHEE
FEH A7 VA (free spectral range; FSR) & WEIE, DUF 24) DXL IHIcRI N5,

C

= 2.4
VESR = o7 (2.4)

FSR IZIHRICOVTHYUT Q5 DL HICET I LN TE 3,
/12

T 2L

BRI, R TV YBEBD LS ICH 2 - TOREL 2D TH 5, EEILHLIRE

CHEEDRH D, HIRFEBD AR PLizh 2BEDREZRF>Z Lick s, LIRS 1HH 2L) &

7o ) OBFIRIGH SR o, MHERE o=k 20 =42L p 5L, HRMANICK T 2

T 2.6) D&k I IcEkINn 3,

Am (2.5)

E=Ey+ae YEy+ (ae )’ Ey + (ae ) Ey - - -

E
= Tac 26
BHRE L I OICRT ELT 2.7) DFkICR 5.
Iy
= . 2.7
(1-a)? +4asin® (%)
F 7z, NHIE Inax 1ZULT 2.8) DL ) IkDEN S,
Iy
Imax = m (2.8)

DL & BHREREOMEIZMAHZE LR o, ThbBMEB kI L Te— Ly YRt BE->TwE L
Bbors, JITsin(g) x5 LERT S L, FERE (full width half maximum; FWHM) (ZB0T
DEIHILRING,

_c(l-a)

AL = 2nLa 29)
3 22(1-a)

AL = B (2.10)
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2.1 YRS PG

HHRA 1 TEE H 72 D OBFURIED I L, FHBEIBIICET I E3TE, UMT Q1N DX )% 3,
a =exp(—a, - 2L) (2.11)

22T, o BHMRE H7 ) OEFHRIROBREFELEZ RS, WA H 72 ) OIREREE o &

5 &,
a; = a,C (2.12)

LRED, JITolHET S, ERRED /e (19 37%), BHRIRIED 1/e & 7 5 W% iR
an A (cavity lifetime) & E# Y 5. HikdAanz 7, LT3 LT 213) DL IKIN 3.

1 1

T, = o - e, (2.13)
CZCEEORHE 1B T 2 BIUREOBEIILTO X I Ik 5,
t
a = exp (——) 2.14)
2Tp

RO O i H AT, HHREO O HIKIHERICE A 5N 5 TR X — By & RTINS /-
D DKL AN ¥ — Egieg = 2% OBIRIC £ Tl C EDTED, v IZAEHCTH S,

Ecav
=Wty =

E
Q=21—"2 =2ay—= =
Pdiss

Ediss

22T, w 3oREEEET. QMEBERICTH D, HELREBNTIC EN L ERBE LA
SNEDEVHIERELETHEEL LTL{HONTWS, ZDL) %k, QEEZHIET2-0ICE
FOREDOWRZME L, 1/e (22 FTOWRMZRD 2 FHEIEY v 787 VEEENTHS, %
7o, QMEIZLLT 2.16) Dk HIcRKINDE I LHH 5.

(2.15)

=€

0 = porored cnergy (2.16)

Power loss

2.1.2 IR

C2ET7 770 —Ru R 2 € 7OVIOGIHRE D Q EDER 21T > 7228, FEEITIIHA 7%
FRICX D, OQMEIFHIRENE., NS DERIZOWT, MMNEHHREZ b LIcEZ T, O
FIHREBHGTH 2 1, ICL > TRD SN T T, TD 1, DHHTH S 1, 1ZHDOWMEH TDecay
rate; WIS, T, IEMTO L) ICHBOERE» SRS N TR 5,

-1 _ -1
Tp = Tateria

s byl (2.17)

1t radiation coupling

1
Tscattering

DT T EIHREE G ORI, 1] g HRHEEL, T2 EHE — K O RO,

T ing VRIS & OREAIC K BREOIAKTH S, FBOWETHOND Q MIETNERTEEA

f(’:\ QlO’dd \/G\% %. i 71?-7 ﬁﬂf&%&ﬁ@ Q ,fﬁ ci Qunload i f: gi Qint’ %éa: ::k % Q {ﬁci Qcoup]e i 71’:.
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13 Qext EWEEN D, 7 ZOROIIERIZ Yint = (‘)/Qintv Yext = c‘)/Qext CEEINS, DEEF
E®, QHICBIT 2BIRZ T (2.18) I/,

-1 _ -1 -1 -1 -1
Qload = Chaterial T Qscattering + Qradiation + couple
_ -1 -1
- Qunload + couple (218)

AR 2L 72 BB T, Qunload BIREIND DY, T—R7 7 A NERH Ay 7)) v T &AT
V)) %é, Qcoup]e &igjﬁ%%‘g_ E) Z &. ﬁ§mﬁﬁf‘% %) .

2.2 WUNEHRIRSS & ERROES

2.21 A TE— FE§H (Coupled mode theory)

ke &L HPHEOR G OB 2 RN T o IcfiaT— P2 o nTws, 22T, #h

FEHIRER L E K DOREAZ LT D Fig. 22 DE)IRETNLED LICEZLTHL,

rint

intrinsic decay rate

Ao [1]

mode field

SOUt

rext coupling rate

Fig. 2.2 Waveguide-microresonator optical coupling system via evanescent field. Aq(¢) is the
intracavity optical field, Sj, and sin denote the input and output fields, respectively. yint and yex; are

the intrinsic decay rate and coupling rate, respectively.

MEE—FHEERZHWVDS L, Ao(t) ZUTDXHIICET I EDTE S [33], [34].

L0 (24w~ wp)) Ao0) + yFeisal0) 2.19)

22T wg wo SinlE, ZTUEVIRFEWE, v TRBEE, ANEORIEZ RS, WERIEZ Y,
Yoo ¥ EFFLL, ZNFIIREGMEA OREEE, LIRS & ERRR O AHEEE, 2 DDIMED
o T3, EFIREE (dA,(1)/dt =0) EIRET S L, E— FIRIE Ag BATD X HIcERT L

MTE 5,
0= Vet . (2.20)
Y/2+ j(wo —wp)
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HARETNEICERE L 7080, A AN SNIGTRL |2 | TH B0 5,

Yext 2
Aol? = : 2.21
| O| ’)/2/4+j(wo—a)p)2|sm| ( )

ERTIENTES, £, AMMxhze—FiRIEL SN/ — FIRIBOBIRIZDLTD X 9 1
5,

Sout = —Sin t VVextAO (2.22)
COW, BEKIZT = |sou/sin|]> EEHRINS,

;= Sout _ (Yext = Yin) /2 = j(wo — wp)

_ Sout _ . (2.23)
Sin (yext+7int)/2+](w0 _wp)

T = |l‘|2 _ (Vext — 7int)2/4 + (wo — C‘)p)2

(Yext + Yin) 2 /4 + (wo — ‘Up)z
IRV F—REDEID 5, HIET [soul® FATIET & HIIRBINH COBRK T2 5k 2 2
EBTE S,

(2.24)

YintYext
Y24+ (wo — wp)?
_ (YBXt - 7int)2/4 + (‘UO - wp)2

(Yext + Yin) 2 /4 + (wo — wp)z

|Sout]* = |5in]* = Vext|Aol* = |1 - |5in (2.25)

|Sin|2

Ziud, Q224 E—HLTwE I Ebr s, HIRRE, YurFa—=v7 (wy-w,=0)D
EE, BHEORKRT 4 v 7Ty B TD LIk D,
2
Qint - Qext)
Ty=|=—"—"— 2.26
0 (Qext + Qint ( )

BED 01275 (Qint = Qexts Yint = Yext), 2 F D T RN XF —REDOEIR D & AR D T 2L
=PI XRTHIRBNICAZIREZ 7 ) T ANAhy 7V T EMSE, ZOWRENATTDNT —%
ROIERIBAZREL Z>T 0D, Tk, ZOMOEAICEL THLRERHD, DUTFICEED
Ttk ¥ 5.

e Under coupling (7 ¥ % =4 7" ¥ 7) : (Qint < Qexts Yint > Yext)

HIRGNETORKDIZ ) D3, EPEE L ORFAHR LD RS VIRE, BRI IR 2
WL TERT RADBEIRBP SREET 2T LD b RERYAEZIET.

e Critical coupling (7 V7 4 ANy 7V ¥ 7Y : (Qint = Oexts Yint = Yext)
HAREFNFE T O & Hikk & ORTABREVEL WIREE, Zo L SHMEZEHEKIZIT =0T,
ATEITE 2 THIREGEATBICA L Z L2 BIRL TE D, ROMEORVIREL K> Tw 35,
IR (w)p = wo) IZBVTE, FMH2Y 180" §4115 2 LT, BRI ZITHLHLA->TW
5 MRS E I ENTES,
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e Over coupling (A —23N=A v 7Y 7)1 (Qint > Qexts Yint < Vext)
EE & ORTARKDIZ ) D3, HREBNEETOHEKRL D HRZVIREE, (ZEA LD ATHHE
RerICHIAL TR, Bl 2E L 2Z8Rr L0 b, RS OHET 2D STRE
WIREZ R T,

FKECTHIGT 2 2 EHBELR D DI, KD QHTH 3 Qi EHMEBERT Th 5, WEER
KIFUTD X H)ITRnINns, ,

Qtot
Qint
sk, HIRBEAD QEHTH 5 Qi 2, EBMTHIFTE S Q i Qo &, TWEEERT 7
5RDZIEVBTED. Qi T, Quot PEIRZ IR,

T- ‘1 P 227)

2
Oint = ﬁth (2.28)

CITHBRZENENT VI —Ay TV T (T TR), A==y TV 7 (4T A)%ZRLT
W3,

1 T 1 Ll T T T T
Under coupling Over coupling
09 yext / Yint= 05 i
08 é 1 Yext / Ylnt= 2 i
1] c
° Eos 2
= 07 s £os i
c = 2
O 06 e S 2 T
n (0, — o)y o
0 4 2 0 2 4
=l Vo /T = 1 (040, .
(7)) c
c 04r 2 .
© k]
o €05
— 03 2 .
©
=
0.2f e y
(05— 0 )y
01r Critical coupling .
O 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4
yext / Yint

Fig. 2.3 Minimum transmission 7 for different yext/¥int- Yext/¥int = 1 corresponds to critical
coupling condition, and yint > Vext(Yint < Yext) are under(over) coupling condition. Insets show
normalized transmission for each coupling condition.[S. Fujii, “Dispersion engineering of high-Q
optical microresonators for frequency comb generation,” Ph.D. dissertation, Keio University, 2020]
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222 HEEBDFE

UINCIIR R & B & ORS AR IR D H 5 [36]. MR OB X - T, H2HiE
SHLZFHEERLRS, 20037 —2NHIEE7 7 7Y —<u—HRED LI RIRBOLE,
ST AT AR TR, Lo, UVEREGE R ETE e s Tw 5, WGM iR
MIIEENZ AR T2 2 LD TER VLD, 15 DEZ VT2 OEEKD & RE T 5%
HRBICHEAIETARIE 2 L 0 FER LIS L onTw s, HiE, S lsiulTtid N %
+* > It (evanescent light) UL #285010 & W, RS (total internal reflection condition) T
LBV, EEITREENIC L A2 REAETH S, TRy v MEE v TEP & R
MmEONAEAZIT ) PRI CREINTED, 7Y XL Z2 w7 TS angled cleaved fiber &
WO WHDREA E > TVRE T 7 A NEHOLFE, 77 7ANZHOCEFELREDNH S
[37]-[40]. BifElx, 7—37 7 A N2 L 7R GRS He s nTws, 7 =237 74 NFY
VINE—RT7 7 ANRNEBRLENSH EMIET I LIk o THEREI NS, RIS T — 850k
BEEN L um 2 21FENI0HDTH L7, KO LBIEFICL L, T7— 802 M
HIRERIED T 5 2 E TRGIOEEZTEAI L LB TES, 787 7 A NZHH L 2 AED
Flsld, fEEERI D%, EFITHOREIRZFEBTE 20 TH 5, METIE, 99.4 % DiffEc
WIFREEBL TR [41], B LTIE, 99.97 % ORSOMHELZERTE S LINTw5 [42].
AVFIAL P IARRYFTILFAR=F, TLIFLFAL T4 F2ED CMOS a7 0+ AT
FRLI N2 D%, Fv 7 LIRSS LB 2 RS- T 2720, LEEEOFEE IS LEL S
FEE2W D DENDH 5.

(a) (b) - (c)

A

Fig. 2.4 Schematic of illustration of (a) a prism coupling, (b) an angle cleaved fiber coupling, and

(c) a taperd optical coupling.
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2.2.3 ERIRIES (Waveguide coupling)

RSO, F v 7 RICGERICER S N L RSB O E A S s FETh D, B
WEEFEAEOREFE LT avF A b o4 FMIVEIHRE 2N T 2. Fig. 2.4 I1c, EHEESS
ORI & BEMEEE E 23T, CMOS Hffi 70 A T I N 2 b 0lF, LIREHEE O #Et & [
K1, RGO (AP L =N T =Y =272 ) bHHETH Y, AHELHAREE
R 2 2 LN CE 5, MRS & IR I N RS CHlE SN S o, LIRS LB O
oy ZTIHHES ST DR, BAKMEIE LBV, 2070, HEEHEEIILE L S ERE
ZHMERET 5 2 EDITE B [43], [44]. RS LEEBEBO X v v 7DEDb 6 R w I LIFFHETH %
DS, fEEEFETERVEVL) HEBRETLH 5, HRBFHZOFRELH L Wiy, FRETOZH
APDSIERICEE L 2 5. ROEDOMIZETIE, WGM MU LiRE: & B CIRH ISR 2 s & b
HENTWV S [45]-[47].

Fv 7 EOERIRIIIL Y A7 7 A NFERGEALANTE. AIOB, Fv 7D 7 74 NI
M53H 27O AHBRMPECTLE ). ANBRIET 74 AV P ZIEMICT) 28Ik >ThEL
52 LIFAMREZZDY, 2-3dB OIRIIMHTAL 5 2 EITIFERL 2\,

(a) (b)

S |
_—

Fig. 2.5 (a) Schematic of a waveguide coupling system. The incident light is injected into the

waveguide by using a lensed fiber or a focusing lens. (b) Micrograph of a waveguide integrated
silicon nitride microresonator.[C. J. Kriickel, A. Fiilop, T. Klintberg, J. Bengtsson, P. A. Andrekson,
and V. Torres-Company, “Linear and nonlinear characterization of low-stress high-confinement
silicon-rich nitride waveguides,” Optics Express, vol. 23, no. 20, pp. 25 827-25 837, 2015]
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FIEMRISHEMREYA VAL

3.1 FERAIAZFHR

FERRTE &R ITIKAE L C, WEHDOIBE I BRI D H 2 2 L2 R TEETH S, D
& 9 IERIE e PR D e D 1 1961 4D Perter Franken 6 (2 K 2 R &7 4 (second
harmonic generation; SHG) B4 2 b DTH 2 L Eb TV % [49]. FEFUEIEARNRLOWIZER, b
HEVITHORBICKRESHFLG L TELDLDTH Y, KX THIEEAERNRZICH L 7 1F%%
27> T3, I IR OV THBI L T,

HSBUE 2 AR T 28, BEEN TR MASERIICAE T Tw» 5, ez E, BREEZ P
ET2L, UMFTDXYITET I ENTES [50].

P=¢exE 3.1)

21T, e BEEOFER, y BBRHOBESEZHFEZRT, AHS AT L TRBISEET 2
e OMIPRE LTINS, JEE, R TORHBIPRE TS 225, FMEONZ AFT 2 L,
IR RICE DR > T %, ZHRUTO X ) ICilid SN s,

p:@(¢0E+X®E2+X@E@-) 3.2)
x@ 2y F2NEFNROIHIGE, ROV E SN, o k9 RIERIBIEZ A L
725 DI FNRTH %
FERICANIRL, IR0 & ERINATIO 2 DO 6EZ 615, FMEE P13 (3.1)
ERLED, MBI TOXIICRT L HTES,
P=Np (3.3)

ZIT, N, pl3WTE—X> b OEHEE, HeoRBFE—2Y FE2RT, SHICIEZZD 2D
DEENPEb - T B 2 DK BI) obh 3,
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WM F-E— X > b OBEE N X, AT EEFIKEL T3, ZolEME, EZEOER
(PIP 2 £) 1ICBIT 2 OB IS B W CFBEF IC R 6 1 s, AGDEDS WIS, HERLR OB HER
IR ICZL L T0 L DS, AEPEDHRL o Tw T Ld> T, BEEMAHE-TLEI LI
£ 0, BBHERPIEF IS T2, FEdA, AWT2ERICH L TUSEPEIL, IEERIEE %
RTEHNZIITH 5.

RIIEHZ DB T =R b plZOWTELZTHL, BN FOEMEZx EBLE, UToX
HICFRTE %,

o= —ex (3.4)

BREZANLEEAEOENEx L, 72—y HF R0l cXk328MBTH), UMTD L
INFRTE B,
F = —¢E (3.5)

Mb 28 E SN LT, BE2H619 20 @) 25, BRI 254, FisickswnT

UFORRICZ %,
F=—-eF —kx (3.6)

I, Kk EMEMNEHET 2 HOBEERLTVS, ORIk ICLoT, WEICET 2 0ED
HEOZ L7751 T0ws, 7, BEOFETFHICE VLT, b XMNZE i, &1L ETRIcAEL T
27—uaviichs, HE»OATTSNZERY, FANEFICILET 2 X 9 Z&fE (10° - 103 V/m)
L BE, EMEIGEIT 2 ET 3.7) O X ) ICHERIEE R R TRRIC R B,

F=—eE=—-kx—kPx?-kB®x3... 3.7
X G726, MEBRNTOZLNE x 23, MbsEREICNL B RIEE LR I LY 5.
NI R DB 2 H T H 5.
NS N NED B & Bde B TP DI FET 5 2 223 2. ZHUIIERIE AR &
250ThHY, K32 2o XKIEWEHDOAZE L7, NTOA»LHETE .
PaL = eox P E? = 2dE? (3.8)
AT 2% E(w)cos(wt) £ET 5L, M Py EDATFTD X2k 5,
Pn1 = 2dE (w)*cos?(wt) = dE (w)*{1 + cos(2wr)} (3.9)

&Y, DCHITDHEFAKRHZ, AJJLIHD 2 fEOMBEEDBFHEL T 2 Db s, ThH
T ROJFMEAFZIRD 1 DTh B “REMBFETH 5.
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3.2 ZRDIFIEIA AR

3.2 Z=RDIEMAZAZFR
AWFZEE, FICZROIEFIEEIRZFMHAL T0 3, Z0d 5 ZROIEIEAERIRIC DWW T
BT 2. ZROIFIENLEIRZ LT OAD»SEZ Tl
Pa = eox VE? (3.10)
DLFD X Iic, 3 00RLE2BHRBPANINTVELET S,
E= % (Exexp{j(kz.z — wit)} + Er{j(kiz = wit)} + +Em{j(kmz — wmt) } + c.c.) (3.11)

A 3.11) 2R 3.10) ILRAT 2 2 L2 & > TIERIBARIZA T O X 5 1Icilid o 3,
1
Pni= 5 Zn: P(wn)exp{j (knz — wat)} +c.c. (3.12)

BEHKRZEE 3 DORMBEBOMAEDLEZEZ 5 & 228 OB DBAET S, D) BREL
[ e G2 pHlAB O 2R & 44 DR 2 FBBUR T THK S hTn 5,

Po(wn) = cox [3IER|? + 6|E1 > + 6| Ep|?) Exexp(jwit) + . . . (3.13)
+ 3E,%El*exp{j(2wk —wt} +6ELEIE, exp{j(wi + w; — wm)t} +. .. (3.14)
+ SEiElexp{j(Zwk +w))t}+O6ELEiEpexp{j(wr + w; + wm)t} + ... (3.15)
+ Ejexp{jBwi)t}] (3.16)

{EZQ kn,k,l,m @F?‘g{;f:‘ﬂi, ﬁﬂ}%/ﬂi@( Wn k,I,m > %?ﬂﬁj‘ HIEWTESD (i.e. {ﬁ*ﬁ%ﬁ\)
321 KH—MR

(a) Kerr material (b) XPM (x2) SPM (x1) XPM (x2)
— — «—

An ~ PinN2

Fig. 3.1 Schematic of optical Kerr effect (self- and cross-phase modulation). (a) An effective
refractive index can be modulated by strong pump power via self-phase modulation (SPM) and
cross-phase modulation (XPM). (b) In the case of optical resonances, resonance frequencies are
shifted by the influence of the nonlinear phase shift.

A =R, EIREDNESIC X o TIERIBMHS 7 R 35 SR SN2 HHRTH 2, DB
IND A —BUEIX Fig. 3.1 IR Y & )18, MIEZIERE L EITR2Rd, Zo k) aAdHEDM
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> 7 % HANAHZR (self-phase modulation; SPM), #7251 X > THE I N 5 MH 7
% M HAHHZ T (cross-phase modulation; XPM) & FE5. X (3.13) 13 H O AHE T & A A AHZE
MERLTED, MANMMHZRO I HCAMHZERD 2 (50508035 2 2 L3bo 5, HiTRD%

CIEEEREE I ) TRINS.
An=mnmyl + 2]12([1 + Im) 3.17)

CCT m BIEEBEITRTH D, UTO k) ICEEND,

3
ny = ——x" (3.18)
4n060c

HH DI EIIREIN 2 IEBR § 2854, ACOMAHEHZ N L 2RO ES 7 MM T D X
IIIFRINS,

A/lm _ AnL _ l’lzpcaVL + anpéavL _ /lm I’lchav + 2N2Péav)

3.19
m mAes mAes nAes nAes ( )

DI, P & Pl VE, ZUZHACHHER LAAERIC S 5T 28T — % T

3.22 MUXEKES

VUYGHGR A (four wave mixing; FWM) (& =R DI FAEIRIC L 2BIRD 1 > TH 5., VWL
TRA W IEMEERIDEIE S (degenerate FWM) & JERHRPYEHGE A (non-degenerate FWM) @ 2 DD
DD 5. MHBRVDEHRAE 1 DO S 2 DDORL 2 FEBOEIFREL, v 7 HOR
BEDHHE L T 5 2 & o imBIMDERS WX s, Zhidk 3.14) 0% 1 HE D & FfRT
52 ETE S, JEMERIDEEIRA IR 2 B 2RO 2 2D 6, I 6I1CR 2 2 DD
BoONEFEET S, ZHdA (3.14) OF 2HELSMET 2 2 L23TE 5, Mo 2 MEOMLE
BRGDOFEITIILAT D X 9 BAMHSMEZ2 W7 T3 H 5.

ky =2ky — k; : (degenerate) (3.20)
kn = ki — k; + ky, : (non — degenerate) 3.21)
MEPDEHEGRE A OBIER » 787 =3B 0 X 9 ick I3 [51], [52].

2.2
V.
prwm _ YT Zel (3.22)

~ 8nwocns

A U 7 PDEBER A 2SN RGN TERIIIC LT 2 Z LI o Te A 7 a 3B S 1
5., —RINCERS LA 7 aa s 3HAM SN THR G/ A= bDTH 505, M2
g Zeicky, A SNV Y b rasz2El T ENTE S,
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3.3 okMEA —V ) b v OB

m FWM
Deg. Non:deg
Pump /\(2)/\ I ’
m (2)

N
>

Optical power

| N
>

Optical frequency

Fig. 3.2 Illustration of Kerr comb formation by multi-stage FWM. Degenerate FWM (1) converts
two photons at the pump frequency to a pair of photons that are up- and downshifted in frequency,
whereas cascaded nondegenerate FWM (2) populates the remaining resonances. [J. Pfeifle, V.
Brasch, M. Lauermann, Y. Yu, D. Wegner, T. Herr, K. Hartinger, P. Schindler, J. Li, D. Hillerkuss,
R. Schmogrow, C. Weimann, R. Holzwarth, W. Freude, J. Leuthold, T. J. Kippenberg, and C. Koos,
“Coherent terabit communications with microresonator kerr frequency combs,” Nature Photnics,
vol. 8, pp. 375-380, 2014]

3.3 HLRIEN—V U LY DR

HeV ) b IR ER 72 Tld 2 K FEEMAOE 7 7 A AN & RGN 3 ) &
IIETRETILDOHEMET 5. VY bV ITRIEHHSH L < OB, TBIRIZZEML 2 wIER I
IR SVAE > T0D, ZDX) 7 7 A hDJEY Y R g, FERIES 2L T4 v =T
K (nonlinear Schrodinger equation; NLSE) IZ X > THUE I 1% [53]. v A 702 2D¥ AL F 7R
&, Mz AN Y —, HRZ2ET Q i, midkith, IERIECAEIIRD 4 DDEFEN G55,
RS ICBIT 2~ 703D A4 F I 7 A%2F 2556, B 2L 74 v A =R
AN =& FF 2 —=v 7 DIE%Z M Z 72 Lugiato-Lefever 72\ (LLE) 23H\» 541 % [54], [55].
Z 275 Lugiato-Lefever TN 6, BORMEA —V VY F oA ICHfG L8, SEURE & IER
FEHENRDZ T INNT v ZAWMAT, TF2a—=V IDIETH 083D %% EH L T <

DUN i fijigAk X 417z Lugiat-Lefever /if2al% Glil 3 2.

dA(s.t) _ (v . ~ Do\ |
a (5*”%)A ’g;;T g ATiIANA+ VYeudin (3.23)

ZIT, A(g,t) IFIIRBATONEIRIELZ L L, ¢ IZHIRBOFHICIR - 72 GOLEEE, ¢ 1SR
flZRLTWwad, y 3 NEDOWMER, g3 —RICBET2EBE, 6 137 F2—=v 7, HWH
HigAN, By TV TEHELOREILERTHD., TITIE - RIWMETE2EZD., ZOEA,
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Lugiato-Lefever TRz T D X ) 12k 5,

0A(9,1) _
ot
DML RRDMIIAG (2 TIEIINBANE) EHEZEZEZLRZVEES (y =0, Yex = 0,
Ain=0) ICOARFIRT 5 2 LB TE S, FFPHEREIYA 703 LD5 A4+ 7 A%ETT % LT
REAEETIEH 228, FHEHR 2 HHICT ) 20B 0 TEATVL, v=0, Y =0, Ap=0 &
L7258, XGB24) B TOXHICEEIZI LI L3 TED,

. Dy 0%A
- (% + ,50) A+ ’72572 +ig|APA + VYexiAin (3.24)

(9 (¢,t) . 262 . 2 .
OA(9.1) _ D207A | ARA +i0A = 2
o = Ye ig|A|“A +idg 0 (3.25)

RIS B 1T 2 V) b v OEFRIILLT O X ) #EIRESI NS,

A = Bsech(¢/¢s) (3.26)
22T, BV FYORIRIE, ¢, 13V F oL RIREET. ZOERMK (3.26) 23X (3.25)
WRATBZEICk>T, UTFoRX»BE2LNS,

D
2
S

[1 - 2sech(¢/¢s)] +gB?sech’(¢/¢s) = 6o =0 (3.27)
— ~——
Kerr nonlinearity detuning

2nd order dispersion

X (3.27) ZH T 2 ZNZENDOHICOWTHMHT 5, H—HEZIRBOHEE, 2 2 TIR2R
STHERENCBIT 2 E o Tw 2, BT IHHIZIFI AR RICBI T 2 8, H=HHRER T F 2 —=
YOICBTAEE ko TWwWE, 22T, sech® ICBIT 2L TH B LAD 2 & T (3.28) 1o
TRIRDS, ZOMDEEZ LD Z LIk > TR (3.29) ISR TEIRMEIN S,

D, = gB*¢? (3.28)
D, gB?

S0 = - Sl 3.29

0 25 > (3.29)

N (328) DHHICH B, H—RICHT 288 g 3IETHD I o, R D,y IZIETH
5, F7, XB29) DHABIETH LI 06, T7F2—=V 7 IFIETHE I L2005, OF
0, BUNECHRETNTHORME A — Y V) by 2 EKT 27201213, RS RESHEHEZ R D, K
¥ TR R B B & D ARF B (R Y TR SRR K ) RIERMA) TH 2 0ERDH 5
& %% Lugiato-lefever /727> & i $ 5 2 3T E 72,

VUo7 — OV ARHGRIZ T O X 9 IR T 2 L TE S [56].

A,
P = Z—fo\/—2nc/5'260 (3.30)
2

_ | <P
o= e (3.31)
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ZIT, Bo=-nDy/cD} BREHESEERT, VY PR -2 RMZEI L2007 F 2 —
ZVIREBELRNAIRA=ID 1 OTHD, ZOFTFa—=v I OlEE, “ENE, —RTHH
(74 —=F Ny 2 V=7) 25 LICk>THEBTES, VY FBEETLIRATF2a—=v
7 BIZ 6o.max = 7P /16Py, TEIN, RV 7HPEIEZE T F 2 —= v SRS B2 2 L%
AL TW5,

——
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Fig. 3.3 (a) Microresonator pump power transmission when the pump laser frequency scans from
higher to lower frequency. (b) Imaging of soliton formation corresponding to the scan in (a). The
x-axis is time and the y-axis is time in a frame that rotates with the solitons (full scale is one round-
trip time). The right vertical axis is scaled in radians around the microcavity. (c) Soliton intensity
patterns measured at four moments in time are projected onto the microcavity coordinate frame.
[X.Yi, Q.-F. Yang, K. Y. Yang, and K. Vahala, “Imaging soliton dynamics in optical microcavities,”
Nature Communications, vol. 9, no. 3565, 2018]
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Fig. 3.4 (Top) Single soliton spectra for a 19.6 GHz repetition rate and 38 mW power in sample A
(red, 3 dB bandwidth of 11.0 nm) and 210 mW power in sample B (blue, 3 dB bandwidth of 26.9 nm)
and soliton spectrum fit (green dashed line). Arrows mark the 3 dB bandwidths, which contain 69
(red) and 170 (blue) comb lines, respectively. Inset: spectrum magnified view showing the 19.6 GHz
mode spacing. (Bottom) Single soliton spectra for a 9.78 GHz repetition rate with 56 mW power in
sample C (red, 3 dB bandwidth of 12.5 nm) and 340 mW power in sample D (blue, 3 dB bandwidth
of 25.8 nm) and soliton spectrum fit (green dashed line). Arrows mark the 3 dB bandwidths, which
contain 158 (red) and 327 (blue) comb lines, respectively. Inset: spectrum magnified view showing
the 9.78 GHz mode spacing. [J. Liu, E. Lucas, A. S. Raja, J. He, J. Riemensberger, R. N. Wang,
M. Karpov, H. Guo, R. Bouchand, and T. J. Kippenberg, “Photonic microwave generation in the x-
and k-band using integrated soliton microcombs,” Nature Photonics, vol. 14, pp. 486—491, 2020]
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Fig. 4.1 (a) Schematic diagram of the resonator. (b) Micrograph of a waveguide integrated silicon

nitride microresonator.
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Fig. 4.2 Simulated dispersion of SiN microresonator. (R; ring radius, w; waveguide width, h;

waveguide height).
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Fig. 4.4 Transmission spectrum measured using the experimental setup ((a) FSR 100GHz, (b) FSR 400 GHz).
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Fig. 4.5 Results of measurement of Q factor ((a) FSR 100GHz, (b) FSR 400 GHz).
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Fig. 4.6 Experimental setup for generation of microcomb.
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Fig. 4.10 (a) the electro-optical SSB modulator block diagram, and (b) graphical representation
of the SSB action. [F. Aflatouni and H. Hashemi, “Wideband tunable laser phase noise reduction
using single sideband modulation in an electro-optical feed-forward scheme,” Optics Letters, vol. 37,
no. 2, pp. 196-198, 2012]
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Fig. 4.11 Experimental setup for generation of soliton comb.
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Fig. 4.12 Observed soliton step (red; intracavity power, blue; sweep signal).
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Fig. 4.13 An optical spectrum of soliton microcomb.
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Fig. 5.3 Temperature change in transmission spectrum(From room temperature to 45 °C).
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Fig. 5.4 Temperature change in transmission spectrum(45 °C to 55 °C).

514 [TUTJ Vv RIcEbEBREYI700L0FE

HIRWE% ITUT 77V v FichbE 7%, v470alb0blz21795. BRIz~ 7ual
X ITUT 2 v FIc@bB AR ARSI Ich 270, BECHICHELZBE RS, <
A7 alBERIHEALEy b7y 73 T 48 : 24 702054 CEMALLLD LK
Th5., L—HFWEIF1552.52mm &L, 7v7E{TevA 7unanzEgSek, MlEsnk~
A 7manrzZHTICRYT, ’NIKRLTWS ITUT 7Y v FoOfii3 100 GHz S5 R #% ®H
WEOHEZRLTVS, Bonf<A70abI3HEEE 0.1 nm YT OREET20ch M EoL
bRERAAZER L 7z, WREE 0.1 nm UM EEHF LR EZ BBEoREHLETH 5 12.5 GHz
WAGATRETH 5 2 L 2T, RO 6, MEHAEGIZHWE I LICk>T, v 7ual
IR DR B FE PR B % Bl G R 2 i 72§ 2 L SHRETH 5 T E b o 7,

-50-



5.1ITU-T 7'V v FANDOHbEIAR

Power (dBm)
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Fig. 5.5 The generated comb is aligned with the ITU-T grid. (a) microcomb spectra in silicon

nitride microresonator (FSR; 100GHz). (b) Magnified view of microcomb (Blue line : microcomb

spectra, Red line : ITU-T grid).

Table 5.1 Table providing wavelength information for the ITU-T grid and the generated comb.

Mode number  SiN microcomb ITU-T Grid A

(nm) (nm) (nm)
+8 1546.22 1546.12 0.10
+7 1547.02 1546.92 0.10
+6 1547.80 1547.72 0.08
+5 1548.59 1548.51 0.08
+4 1549.38 1549.32 0.06
+3 1550.18 1550.12 0.06
+2 1550.96 1550.92 0.04
+1 1551.76 1551.72 0.04
0 1552.55 1552.52 0.03
-1 1553.35 1553.33 0.02
-2 1554.14 1554.13 0.01
-3 1554.94 1554.94 0
-4 1555.73 1555.75 -0.02
-5 1556.53 1556.55 -0.02
-6 1557.33 1557.36 -0.03
-7 1558,13 1558.17 -0.04
-8 1558,93 1558,98 -0.05
-9 1559.73 1559,79 -0.06
-10 1560.53 1560.61 -0.08
-11 1561.34 1561.41 -0.07
-12 1562.14 1562.23 -0.09
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52 YA 7031L0DHRIE

WEETAD I LT 4PV ae—L v MEER M350, RIEXEELE %2, 51 ®HTHER
7o, Ta4YHNae—L Y MEFIERMHEZHEHVSEZLICKD, HREZHECTLDOTH S,
L—HORIEDIE WSS, i/ A XL LTHEN, av Ay L—ya vy ECHHEAPEHLTL £
517, %%@%%ﬁ%b(&ofti5 T AUISATIIGE [66] THHFXRSNTE D, B X ZHIE
100 kHz 25+l e 2 APFE S ORA L L > Twd, 22T, KFETHIERNZT 4 4L
:t—vybL%mm:nfhﬁ%w%%ﬁok.unﬂéﬁhﬂmzﬁbfﬁﬁtfma

(a) (b) (c)
Narrow linewidth Wide linewidth

_é 8 erevrseveonra T 256QAM
1 11 g L
0 o N .g 2 6 vv'.‘m\ ety
O 10 EQ | 40AM
/ \ B2 47 ithittaaae O
; ! 85 ¢ N
\ ) - ©c 2 seoe®
o .2 | s
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| QQ) &) i
00 T 10 - S 10° 10% 104 10
= Linewidth normalized to baud rate

Fig. 5.6 Effect of light source line width on coherent communication ((a) Narrow line width. (b)
Wide line width.) (c) As the linewidth, normalized to the baud rate, changes, the general mutual
information (GMI) content changes. [V. Torres-Company, J. Schroder, A. Fiilop, M. Mazur, L.
Lundberg, O.B. Hel gason, M. Karlsson, and P. A. Andrekson, “Laser frequency combs for coherent

optical communications,” Journal of Lightwave Technology, vol. 37, no. 7, pp. 1663-1670, 2019,
© 2019 IEEE]

521 EEHGATOYAIVE

L — P RIEOME IR H O~ 7 1 ¥ 4 ik (delayed self-heterodyne method) % > CTfr -
7z [67]. LEEATH&4/£®%$&%&%ﬁ%?% 9, L—¥H%E 22D/,
KA 7 7ANZHGT, L= oate—L v 2BMicH L THohBE2522%, 99—
FITiE, HENEAEFEE (acousto-optic modulator; AOM) Z FHWTRESEZY 7 P &€ 3, Z0ns
DNxEEBWSE, 74T 4778 TRML, BRARZ 757 F 74 Y (Electrical spectrum
analyzer; ESA) ZJHCE—FZ2MET 5 2 LIC k> TRIEZMET 5.

ZIh5, BEACNT RS A VIEICOWTHMICEZTW L, 22021257 6L —+F
KDL, 77A4ANNERGTHM tg ZVHBIEI 6% E 75, SENEERARZHCCAR
WEQL 7 M LINITE, £ 75, ZOK, ZNZIUILLTOLIICERT I ENTE S,

E|(t) = Ercos{wo(t — tq) + ¢(t —tq)} (5.1
Ex(t) = Excos{(wo +Q)t + ¢(1)} (5.2)
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ZIZTo(t) BL—VOMNMHESE2ET. 74 T4 72773 0K (5.1,5.2) OfID 2 Fizlh
HlL7EB5%2H2%. BonbE5DMRTE, EBHEAMKT2LERDLIICK S,

I1(t) = cos{—Qt —wotyg + ¢(t —tq) — d(1)} (5.3)

ZIT, wo, 2wy TIREIT ZENEN B DS, HOREEDIEE THz TH Y 7 4 T4 77 % D,
IR L CTIERICE W20, BELAWI L ET5, EmE () o HEMBEBEAE R, ZULTD X H I
5,

R(7) =(I(t) - I(t + 7))
= cosQr{cos{p(t —tg) —p(t) +p(t +7) — Pt + T —t4)}) 5.4)

22T, (cos{ep(t—tg) —p(t) +Pp(t+7) — p(t + T —tg)}) TR 2 LT,
PAHER S EVA T AFHIHE > T2 EIRET 5 &, RDOBEURDIR D 32D,

(cos{0(0-+7) = #(0)) = exp [~5(000 +7) = 611 55)
Floae—VL U AR . ZATO L) ICEET 5.
(E(t)-E(t+71)) = {cos{gp(t+ 1) — ¢(t)}) = exp (—?) (5.6)

M EDOBGED S, R (5.4) 1FLLTD X5 ICHKITE 3,
R(T) = cosQrt - exp (—%(2|‘r| +2tg—|—T+ty| - T+ tdl)) 5.7)

KX (5.7 % || <tq & |7| > 14 T Fourier 212179 &, N7 —ZAX7 F)L S(w) FUTD LI
%5,

S(w) =exp (—2;—01) O(w—Q) ...
N 2/t
(w—-Q)2+ (2/7.)?
CNTEIEHD~NT YA V2O IGEDE — F ART P LOMRADG6 .
BEIEIR R tg Y2 b — L v AR 7. ICHIRTH A EWEE, LG I TDLHICRT I &N
TE 5,

ta sin(w = Q)tg H

[1 —exp (—2:—d) {cos(a) -Q)tg + 2Tc (-,

Cc

(5.8)

2 X

S(w) = (w—- Q)2+ (27X)2 (59
I, XIFLV—YHDOART FURIETHD, UTDXIICEKT.
1
X = (5.10)

T

K (5.10) »SEBRART P 7 L7 F AP TRHMSI NG ETIEL —FRRIED 2 50 FE2Ez b
OU—LYVIBIRTH B Z L Dbn 3,
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522 EEBtybh7Zyv7 -#ER

<A 703 LDFERE I L7z y b7y 7% Fig. 5.7 1on ¥, BB LBEHC~T T8
4 1% Fig. 5.7 HO R ERTHbLN T 2 EHITCHW S L TWw 5, I TSL-710 ZfEH L
7o, THUFFEBRRTIOEBEH O~ T ¥ A4 YiEZHOCTRIEZHIEL TR YD, 8Xk%Z 50kHz TH %
EbhroTwE, Eifky b7y TOMRIEYA 70 a bz ERSE, BELELA 700
A% "OSA 1" Tl T %, /N K827 4 L% (band-pass filter; BPF) Z i\ Cv A 7m0 a L ®D
aLERZ TR, B0 ML 722 483" 0SA 2" CRIIT 5. U h &7z a AFRIEEH C
NTRYALVENLT, BRARI N TLTF 74 CTHRHIENS,

FPC
TLD epFa — X OSA 1
EEEEEEEEEmEEmEEm—_— 1
[ FPC Delay fiber I
DO @ 2km, [ BPF
I
| |
I
ESA [—( PDI 1 AOM : OSA 2
I

Delayed-self-heterodyne

Fig. 5.7 Experimental setup for linewidth measurement.

Fig.5.7 Dty b 7y 72 Ho TR/ O R Z AT ITRT, ER L7z~ A 7 a2 L3 Fig 5.8(a)
WKRTHDT, 2H6DA 270 al% NNy X274 V7YY T2 L CRIEHIEZTT- 72,
NYRRZ74 VI ZRGTYI DL~ A 70 asda Lfit% Fig. 5.8(b) IR, Z2RFNjEil
FlA>5, 1531 nm, 1553 nm, 1575 nm & %> T\ 5,

G . . . . . (b)

10}

[0} 8
-10}
-20}
-30}
-40l
-50

-60
1480 1500 1520 1540 1560 1580 1600 1620 1500 1520 1540 1560 1580 1600
Wavelength (nm) Wavelength (nm)

Power (dBm)

Power (10 dB/div)

Fig. 5.8 (a) microcomb used for linewidth measurement. (b)Enlarged view of microcomb in (a).
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5.3 A 7 1 2 L OB E R R

WY FRA7 4 VFTHD L 7z a AITEIEA O ~T B ¥4 vz Hv 5, R Tld, AOM
T40MHz S 7 b &, 2km D7 7 A NZHOTEES ¢, ZhZhz K SE, BRA
RIEIFTLTFIAFTHIML 2B D% Fig. 5.9 1R T, I THDMIEBEBRARI FILT7F 5
AP CEMHE N A MOE—FTh 5, FARISEEAD~NT 0¥ A > %257z TSL-710
DE—=FRMOETRENT VS, INHEDE—+E2B =LYV TIA4 T4 YT %2 T>bDN
RO TH S, w470 aLDabiiiE, HRELELEDBIEDILS BoT0wb I ERbos
CHNRE A RDWETH DL EEZ D, BITHEICE VT, B 4 XL 4 ZOBIGRHHE
SN, BOWEBIC X 2 FHE ) A OB S T 2 [68]. AWFZEICEB VLT, HIREAIE
WINZS Wi, 24 78 abERICRELRE AT =2 Ik ) EDAEL, BIBOHiEE T
WwWaEEZo6N5, MIBOSHIER SN2, BIEE LTI T4y rae—Ly MlfGIc ok
FRIE (< 100 kHz) TH % 25, ZOMIRIZERZ X DPIRICT 2 2 Lick>T, ol
ENdEEZONG, UEDOZEDS, »A47nasXiizT 4Py vat—L vy MEREBIJEHT
5 LIFV[EETH D EHEZALND,

T r T
Experiment 1575 nm Experiment
——TSL-710 —— Fitting

—— Fitting

Experiment 1553 nm
—— Fitting

1531 nm

RF power (10 dB/div)

Af 50 kHz (TSL)

Frequency (250 kHZ/dIV)

Af =85 kHz Af =78 kHz

Fig. 5.9 Linewidth measured by using delayed self-heterodyne method.

5.3 VA Y 031LDOEEFE

v A 703 LOEERFNRHE 21T ). AR TR, 7 A %% — (eye pattern) £ E' Y F L J —
L — b (biterror ratio) ZHE L 7z. 7ANY —Z, BSEEOESREZLHY 7)) 7L, ER
BbLETT I 74 ANIERLELDDTH S, XY —vzflattbe P HICHZ 2 Z Lo
B, TANRY =V EWENS, [BRT—F DTG4 E 2 BIRNICHEGR T 2 2 L3 TE 579, Bk
FHERHIE I B TR S NS, By P27 —L—FE, BE AT LOMERED 1
T, ZEMPZ T 72T = I T 2o T =Y OUEE2ERT O DOTHSL, =7—7V—L
BEE 5 5L, B X Z 10710 ThH o728, BAETIE, @ERMSFE LiiH# Y iT1E (forward
error correction; FEC) OINIC L D 103 FETCL I —7 ) — L %23 2 L HE I N T 5 [69].
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53.1 HIEIERALEY,r70340

ZITE, 3B oA 7 ua sk ER KT 5, 3 EE O~ A 703 L% Fig. 5.10
RS, 3fBEDO~A 7 v abzARifJETl, "Turing pattern”, "Modulation Instability phase
I", "Modulation Instability phase II" L FE5. ZNZND2A /R alEZTF 2 —=v 7223
52 EICKDERT S, Ry 7B HRICAD, BRANICAEKI NS <A 71 3 453 Turing pattern”
T®H %, "Turing pattern" A%, L —¥ iz RIERMNCERERGI L Twv (& HIRBANIICA S
N7 —DEED, UNKIEADRSI SICHETS, 2L TERINS YA 71 albh"Modulation
Instability phase ["'CH 5. S S IEREmMII 2170, FEI N5 b D" Modulation Instability phase
n"cthh, Z2oBMER» NN, KT, ZNZN3EEOYA 702356, 15252 nm,
1550.3 nm (£ > 7), 1576.5nm O 3 KD a Lz 1T 2.

| Turing' patter'n

Power (10 dB/div)

Increasing laser wavelength

oy

1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

Fig. 5.10 Evolution of the microcomb spectrum in a 400 GHz FSR SiN resonator while increasing
the pump wavelength with a pump power of 800 mW.
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532 EEBtyh7Zv7Y

EREREIE IR L7cey b7y Z72NIORT, w470 abBRkEToey F 7y 73
B4R w4 nas0%E) CHALZLOLAKRTH 272HHET 5, <4 703 LEKE,
Ry THDBIEFIRART —CTH D7D, 77 AN=7 Iy 77 v —FT4 v 72T HRy 7%
WHEIE D, IV FRRA74 VT 2L, asfz 1L K20 Y. Yo iliahsa s
FRELEHFGZ N CTERT 5, 2L, MELEHFGIREKFEEZ DO, 774 MRika v
Fa—22HeCREZFHELANT 2, MEZHFHRICOT NI ERETIEZ VAR =P
L —% (pulse pattern generator; PPG) 225 i1 S5, KRWEOEFUEFIE T+ 7 ¥ & — DA
HIRZEE L 10 Gbit/s & L 7z, ZFH S 7657513 Back-to-Back & 40 km &> 9 2 DDEMT
BEL, bIY—=NTRHEIN, Y7V v 74> u R a—7 (sampling oscilloscope) & T 7 —
7 4 7 7 % (error detector) TEHMMI N5, 2NN, Y7V r7FuRa—7TlE7 488 —
Y, TI—=TA TV TIREY L7 —L— FDBIMTE 3,

Ey b7 —L—FlliER, avyFA—3r F2BMUEE2IET 2, BiNysaryf—xr
M IF YGRS (variable optical attenuator; VOA) TH D, b+ 7 ¥ — N2 T 2 ERTICHLE
5, AIZGHEGRZHOCTILBORNT =223 €5 2 LICk>T, 71T TrE Yy
Fxo—Lv—FrzMEL, mRREE T 5.

FPC

4[ FBG BPF (XX IM

PPG]

t
I

Sampling oscilloscope }- 1
1
1

Error detector]— -=-L- -{Transceiver

QD
wy of
Jd0
Yoeg-oloeg

Fig. 5.11 Experimental setup for optical transmission.

5.3.3 RERER
Turing pattern

%9, "Turing pattern" D{ZERFERE R % £ £ ® 2. "Turing pattern" D{ZERFE X Fig. 5.12 @ X
kot BoNleTANRY—vIE, 3-oF 0D LV THZ, REREXERFEZR L. Ry 7
Jel a LUTEVIZR ST, 2 ABICE L THREERE ERBERIGEC IR, BXT512H72D
ML ZWEEZ NS,
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Ey P27 —L— MIEMRPEICREL TW2IEE, BRREENIR Y, JdE 7 — MK
WEATHED e d 2, B85 ML (signal-to-noise ratio; S/N) REFTH 3 £ Z 61
%. "Turing pattern"®Ey b L7 —L — ME 3K L B FARDFHEZ /R L 7. Back-to-Back & 40 km
DELLDEMAETH 1070 LTFOIFHIE Ny P2 —L— BT LA TECNS, 2
LR EHEL, Ry 7HPET (<1dB)EYy FZI—L—FDHEL (FIZkoTWw3)Dix, R
THm T VT UL % AR (amplified spontaneous emission; ASE) / 4 R DT H
L EEZ6NS. HARBHE, 4 X2 & 2 EEREDHMIZETHET BN NT w2 [28]. 7
ANy —v, Ev b2 7—L—OFRED 5, "Turing pattern" [ZGEFISHIAIRETH 5 2 L 23D
05,

Modulation instability phase |

XIZ, "Modulation instability phase ["IC2WT % & ® %, "Modulation instability phase ["D{xi%k
B Fig. S.13 D X 9 1ot BonkTA Y — Y BFIVTHA 22, a3l £y 7%
iy s &, abBRBEFITPIANTIVYINHEL)ICHRAE, 7A=Y ETEEVTHRZS
720, TEHHROFAINRIEIZ R, BRAETH L EEA NS,

'y FXJ—L— & Back-to-Back &€ 40km WIFNH 7 —7 V) —%2@BMHT 2 LN TEL,
Ry 7 EHKL, a6BOEY P27 —L—FREAHHULTVRS, w4703 LDEKRICE >
T, 2 LROEBEREDOHDBAET 2 2 MRS N, BEREDZIEH %25, "Modulation
instability phase [I"IZJGHEICIGHAIRETH S LEZ 6N 5,

Modulation instability phase Il

%12, "Modulation instability phase II"IZ DWW T % & & %, "Modulation instability phase II"®
BRI Fig. 5.14 DX )Xo, Bonk7 A8 =ik, Ry 7 HoAE-ED LFHWT
RZ20, abBOTANE —VIMEFDNTYXFNRREL, TARY = BT, BRICHED
borLtEIOGNS,

£y b7 —L— }i& Back-to-Back & 40 km WINb I LRI LT —7 ) —Z BT 2 2 L
TELholk, ALBOEY P2 7L =M 102107 BEL>»EONT, mET5 2 &L
W, Ry 7HoEy P —L— M2 UIZ RS Do 72, "Modulation instability phase I" 7>
EvA 70 alDBRET DL, BRRFEEEI SICHILL 72, SRFHEIZIER I <, "Modulation
instability phase II"3GHGBPUCHT 2 Z L VW EEZ 5N 5,

PLE, 3FEO~A 703 LDEEEERIE L ASE, <A 283 213 5%I00 L 7R &
BLTOROREDH S C L MRS NI, <4 703 MREEZEE L1 Hie, (SRR 7 —
7V —Tbbh, IFFIAMNTHSL LEZSNS, v A 712 Lp"Modulation instability phase IT"I1Z
EEY 2 L b, BREREPHLT ZEIICOWT, HEZ1T).
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Fig. 5.12 Transmission characteristics obtained using the Turing pattern (Eye pattern, Bit Error Rate).
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Fig. 5.13 Transmission characteristics obtained using the MI phase I (Eye pattern, Bit Error Rate).
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54 ¥A403ALD/ 14X
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Fig. 5.15 State 1: generation of primary sidebands (spaced by A) via FWM. State 2: secondary
lines generated around the primary lines form subcombs with a native spacing §. The spacing A
is not generally an integer multiple of ¢; that is, the subcombs have different offset frequencies
0,£&,%¢,. .. State 3: the subcombs merge into a gap-free spectrum (multiple lines can exist in a
single resonance.) [T. Herr, K. Hartinger, J. Riemensberger, C. Wang, E. Gavartin, R. Holzwarth,
M. Gorodetsky, and T. Kippenberg, “Universal formation dynamics and noise of kerr-frequency
combs in microresonators,” Nature Photonics, vol. 6, no. 7, pp. 480-487, 2012]
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Fig. 5.16 (a) Schematic diagram of subcoms existing in one resonance (b) Beats observed with an
electrical spectrum analyzer.
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RZ PV (N () &, L=FHAOZO0EL, 74 T4 775 EMIERZEESEREICT S Z
T, MU 7FNT7H A4 oMESNG, HNEBE, £ RIET AT L 4 AT =AY b
NIPEE A RET AT AT 7D ay b/ ARZELZEICED, WETZIENTES,

NL(f) _ [NRe(f) = Nu(f)1/G(f) = NpD,shot
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RIN|jaser () = (.11

ZZT, Np=(Nrr—Nu)/G — Nppshot \FHEE £ Rk > THERINDIER S A A7 — AR
FVEETH D, WIRROANIKEZ Ry £ LR, S av b /A4 X, FEHERT—IF, ZRFN
Npp shot = 2q1acRLs Paygelee = 15¢R, ERIN%, Yo X9 iz Bite 2 Lic X D, HRHRIE
JARRMET D ENTES,
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instability phase II"DIREZ H 2 2. Z DK, 2 4%} 1550.3 nm (K ¥ 7)) MR EE 2 4 ZD%E
LIS 02s, a8k 15252 nm, 1576.5 nm TIEIEHFISHIRERE 2 £ X2 L T3 2 2%
D5, BRERHERZEE L ZBICh, 2815503 m D7 A 89—, By b7 —L— bIZREF
BEMERR L7205, 248 15252 0m, 15765 nm D7 A 89—, By b 7—L— MIIEFIC
HL Tz, WHEDFRERD S, <A 71 2 L DIEEREIIHREEHEE OB X > THd %
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FCwahoZtEZoNn5,
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Table 5.2 Relative intensity noise measurement conditions

Reference Level -120 dBm
Resolution bandwidth (RBW) 100 kHz
Video bandwidth (VBW) 10 kHz
Start frequency 10 MHz
Stop frequency 1000 MHz
Sweep point 20000
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Fig. 5.17 Relative intensity noise of microcombs. (Top) the comb line 1525.2nm. (Middle) the
comb line 1550.3nm. (Bottom) the comb line 1576.5nm.
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Fig. 5.18 Transmission characteristics obtained using the Dissipative Kerr soliton (Bit Error Rate).
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Fig. 5.19 Transmission characteristics obtained using the Dissipative Kerr soliton (Eye pattern, Back-to-Back).
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Fig. 5.20 Transmission characteristics obtained using the Dissipative Kerr soliton (Eye pattern, 40 km).
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Fig. A.1 Intracavity power vs. pump laser detuning: The normalized intracavity power |Ag|2/ Pi2rl
is shown as a function of laser detuning . For low pump powers the intracavity power follows a
Lorentzian resonance shape. For higher pump powers the resonance becomes increasingly asymmet-
ric due to the non-linear resonance shift (self-phase modulation). Eventually this leads to bistability,
that this, two stable solutions for | A |2 exist for a certain detuning values . When tuning the pump
laser wp, into the resonance from the higher frequency side maximal intracavity power |Ao)? = Pizn
is reached for an effective zero detuning when the pump laser frequency is equal to the effective
nonlinearly shifted resonance frequency. Before (after) this point the pump laser is effectively blue
(red) detuned. Tuning the laser beyond effective zero detuning results in a sudden jump to the lower
branch solution causing a triangular resonance shape. The value value |Ag|? = 1 can always be
reached for pump powers Pizrl > 1 and a detuning of {p < 1.
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Fig. B.1 (Top) Schematic of experimental setup. (Bottom) Four phases of feedback-controlled
soliton excitation: (I) pump laser scans into cavity resonance from the blue-detuned side; (II)
laser scan stops and pump power is reduced (- 10us) to trigger solitons, and then increased (~
100us) to extend soliton existence range; (III) servo control is engaged to actively lock the soliton
power by feedback control of laser frequency; (IV) lock sustains and solitons are fully stabilized.
The cavity-pump detuning (vertical axis) is relative to the hot cavity resonant frequency. [X. Yi,
Q.-F. Yang, K. Y. Yang, and K. Vahala, “Active capture and stabilization of temporal solitons in
microresonators,” Optics Letters, vol. 41, no. 9, pp. 2037-2040, 2016]
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Fig. C.1 comb and interleaved comb state. a-c and d-f show

measurements of two different phase-locked comb states. The corresponding time domain traces in

‘Munich Olympic stadium’

c and f are calculated based on the measured spectral amplitudes and phases. The comb state in a-c
(’Munich Olympic Stadium’-Comb) shows distinct phase steps of & between different sections. The
comb state in d-f contains interleaved sections with double-free spectral range (FSR) mode spacing
and a mutual phase offset of /2. The phases of the stronger modes (every 15th FSR, black crosses
in the phase plot) are not aligned with the rest of the comb. [P. Del’Haye, A. Coillet, W. Loh,
K. Beha, S. B. Papp, and S. A. Diddams, “Phase steps and resonator detuning measurements in

microresonator frequency combs,” Nature Communications, vol. 6, no. 5668, 2015]
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Fig. C.2 (a) Simulated stability diagram of the Lugiato — Lefever equation (LLE) involving
the experimental avoided mode crossing (AMX) condition. Four different stability regions are
listed: modulation instability (MI, blue), breathers (red), spatio-temporal and transient chaos (chaos,
yellow), and stable dissipative Kerr soliton (DKS, green). PSC and TSM/single-soliton spectra are
obtained by distinct approaches. PSC states are accessed under the threshold power to avoid the
chaos region. Single-soliton or TSM states are accessed above the threshold power, by either
directly falling to the states or backward tuning from a higher number of solitons. (b) Examples of
experimentally generated spectra at resonance of 1555.1 nm: (1) single-soliton, (2) PSC (N =4), and
(3) TSM (@ = 132.7° ) with envelope fitting. The pump power is also shown for each microcomb
generation. [J. Hu, J. He, J. Liu, A. S. Raja, M. Karpov, A. Lukashchuk, T. J. Kippenberg, and
C.-S. Bres, “Reconfigurable radiofrequency filters based on versatile soliton microcombs,” Nature
Communications, vol. 11, no. 4377, 2020]
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Fig. C.3 A taxonomy of soliton crystals. Measured optical spectra are shown in black and
simulations in colour. Schematic depictions of the soliton distribution in the resonator are shown to
the right of each spectrum. Major ticks in the schematic diagrams indicate the location or expected
location of a soliton. Minor ticks indicate peaks of the extended background wave due to the mode
crossing. (a) A perfect soliton crystal, consisting of 25 uniformly distributed solitons. (b-e) Soliton
crystals exhibiting vacancies. (f-i) Soliton crystals exhibiting Frenkel defects. Shifted solitons still
lie at peaks of the extended background wave. (j) A disordered crystal. (k — n) Crystals exhibiting
superstructure. (0) A crystal with irregular inter-soliton spacings. Darker shading indicates a smaller
inter-soliton spacing. The range in inter-soliton spacings is 3% of the mean. [D. C. Cole, E. S.
Lamb, P. Del’Haye, S. A. Diddams, and S. B. Papp, “Soliton crystals in kerr resonators,” Nature
Photonics, vol. 11, pp. 671-676, 2017]
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