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1.1 [FC®IC

BAMKRBEERES 274, WbhbWw3 5G 252020 4 3 A X b HARTHEMAMBMA X A,
KERTFHZBROTZOEEEICH LWV, 5G QLS 25217 T 2020 F 6 HICITHBEE X
H, Beyond 5G HEEHE — 6G ~"Ou— K~y 7 - CELLHBEER M AR H
7z. Beyond 5GJ WO EMPMHELRTHED, 5G 23E K& LI Z 7z 2030 FARDRICEHYET
N FHRAIRE R RO EBID 1 DITHEARIR T H 2772854 >~ 7 7 OB - i
WHENT7ZE D A OWTHRE L TWS. ZOBERICKZE, FF 74 v 708N X >
T, 2030 FIBEEICED 2B HEED 2016 FD 36 15 (HADERBIEEEND 1.5
) I L > TLES WS, 2D, Beyond 5G ICRMERVHTZHEREL L
T, NEMRIHEE ) * TBESIRERER 282 T T0w5.

Z 2T, e U THRRIN TV R ONRIEENETH 5. BT 7 A "\ %
AW EEIZ2ENCAD > TE Y, 5G OERIfE-> TE HR BT 7 4 NEDOEE D
RENEI L LTWS., KBEOFEE LT, 7 7 A NOFOEEDKX, KWK
BOEI» 5L 2FHENBEEEDOREIREHRAREDIEZ ONDD, FETNER
DIF1ARDKT 7 A NCHEEDES NEZLZEHI L CRET 2 HEZHEME (Wavelength
division multiplex; WDM) 2TZ %725 5. ZOWDMMBELZITO 2012, HED
AR RRNE Y 25, FIHOWDMEBEFEIFEEOEZ L —F2HAEL TV, &
I TIENMHEFRGRZHWTY A RNV R2NTEHER VAR IERE T 7 4 NI A
BXE2HEREDERINTVWS B, LiL, WFhohED IIER RF BIESIERE
T 7 ANBREEHBETA2R0END D, KENEPERBEIH LV WS REDDH 5.

ZULT, #mHEe UTIEENED 2 ORI X 2R a L TH 5.
ZdZ B E L X, FAERERT—EOMBTIALHE— FEFO XS D
YT, TDOARY bLHH (comb) DX IICHZ2Z Zeh 5 I DHDV. /N
IRENTEZPACAD THRAESE I NEFER a2~ A 70 a s /L, 2007 FIZHHT
FHINT W, X512 2014 FIZEMEE— FRITHUEI - 72V V) b ashBEHINS
¢ Bl WDMIEEIZHR & 3R FEREHIE © SR F NE R YR CIcH SR, 5
X7+ =T RTBIFEZ—RI v Lotz



1.2 #uhtHixss
1.2.1 FHIRESE (T

HHRAR X, DO HIRE B 2R ONEEET 2T NNA RADZ L THS. b RGN
RIHIRBE LTRITOoN2D07 7 7V - Ru—&l (Fabry-Perot) R THD, 2/
DIAIPWVE o KGN H 72 o TWb. HiREENZ 1 EE L RO R, ASLL
DREDERE L 725 X 5 RIFTERRZER S 2 720k $ 5. ZoHRIOLICE o T
EHHREBNCEATAD SN2 HTH D, ZOMWEIEFH IR —FFHIRIIETL > TN 3.
L — RS EEIC X o TAS LIRS NS 22 I X o TEIfEL T\ 525, HiRER
WICHSREZREST 5 2 8I2ko T, KDL OMHBEMFEHZED 2 Z e TE, WY
BIRDIAIREL 72 5. NHHRIRON DA TIAD 2 HREL R T L LT, QEXDH . Q
HIFRAD XS WCERIN TS,

" HIRINCEZ DN D T 1L X —

BB 7= D IR T 2 23X —
ZZT, wo FHIRBOFIRAMBRETH 2. (1.2.1) 2o0h 3 X5, BEIDRVIZ
Y QEPAKELEREORVHEIRETHZ L VWR S, 2, QHIEFRD LI CRT LD
TE5.

Q = wo (1.2.1)

Q=2 (1.2.2)
VFWHM

= W70 (123)

vo FHARAFOHIRFEIEL, vewnm FHIRARZ FLOEERE, 70 FHEREND T 2L
F—HRDOREMTH 2 NHTHFMERT. TOILDbH, QEHOEWHIRIFIFIILIRARIED
L, AT RADONBRHBEN L2005, DI tid, BihT 24 2RIFRE
HANRZ2 G| ZR T DICEEHE 5.

122 T4 ANV VIX v S 1) —F— RHiR::

0y RCMBETSEY b - R—ILKEHED F—AWNIQEEEAD D, BIZHF D To
TEEPVWZOFRFEMORATOEEMN S LW . THFFEIEMIED F—
LOBEZ RH L TIRD 272D 2 2 BRI, D X5 REREYE XX DEE
(Whispering Gallery)) MR, ZOBRZNHIRFIIICHT 2 e TE, v 1 AN



Y7 ¥ % 7 1) —F—F (Whispering Gallery Mode; WGM) R85 & MR, Figure 1.1.
IZZ DREIEZ R

S

n

In Out

Fig.1.1. Schematic of WGM microresonator.

WGM HHREANTIE Figure 1.1. 13 £ 512, KEMHEAZRH LB SREMET 5. Z
DI, 777V - R —BHRIR Y FRRIOLEENREOBEE L 725 & 5 REHCHIR L
HEFHCIAD L., DFDRXKXD X512k 5.

27rR:%-l (I=1,2,--) (1.2.4)
22T, RIBHIREROFE, n ZHIRBOEIRTH 5. HiRBOREEZRITIEEL LT,
B8 D &5 E— FREOREBEHEFRZ =T HHZARZ MLVEE (Free Spectral Range; FSR)
DdH5H. WGM HIRZFITE T 2 FSRIFXKD X512k 5.

c
2T R

(1.2.5) D BIBDE X512, F4E R VNS0 FSRIBAE 5. WGM SHRIE% X
U3 2MINERIRERORE LMD 1 D02 D FSR T, GHz 5 THz £\ 5 4 —
X—OD FSR ZBHIG5 2 e B TE 5. EFRWCMHEIRRICIX, MgF, R¥omry F%z
FAEETHID 72 L THIRE 2 ALY 2 i8R IHRE:, SV AERZ2=yF 2L CO, L —
PTV 70 —F2ZLRREoTHEGNLGI VA FuA FHIREELR ED D 5 [Figure 1.2.].

FSR = (1.2.5)



Fig.1.2. Images of WGM micro resonators. (a) MgF, resonator. (b) Silica troid resonator.

1.23 >Ua>+Aa k>4 F (SiN) U>THiRER

VaryrA4 r74F (SiyNy) FE S < CMOS(Complementary Metal-Oxide-
Semiconductor) HIDAEL L L CTHREREE 7 n A T2 HWLNTE . HiRdz
LTHOWAEEIIEOBEL/NE K T272DI8E nm MU EORINBEL 12505, FHR
L5 ay OBRRFBBOEVD L O UEINZN O L <, IFIBLEMR %
BITTI7y b7+ - LTRROCHUEINTE 2. LA L, 2008 FICHHT SiN
Z VI NMR DR S N, ) A & AR TIEIE D BRI BN 2 & 23555
XN 0L Q EFSRIIRIE L IEE K WD, fERD CMOS Hiffi e oo R X, @
BEREHCOBBED/NEE, RELIFEMZROZLPL5R SINE 7 + =7 R
BOWTRPERME 2o 7.



Fig.1.3. On-chip optical parametric oscillator. a, A single pump laser tuned to the
resonance of an integrated silicon nitride microring allows the generation of numerous
narrow linewidth sources at precisely defined wavelengths. This device can dramatically
increase the bandwidth of chip-scale communications by encoding information in parallel
on these new wavelength channels. b, A scanning electron micrograph of a silicon nitride
microring resonator coupled to a bus waveguide. [Levy, J., Gondarenko, A., Foster, M. et
al. “CMOS-compatible multiple-wavelength oscillator for on-chip optical interconnects,”
Nature Photon 4, 37-40 (2010).]

2016 fF121X LSI OBt ICHVW S 3 X~ > >~ 7 rt X (Damascene process) Z A L
7274 b=y X< 7rtX (Photonic Damascene process) D3FFE X 41, 10 nm O
FEEE %2 KD B EE O AIREIC R o 7 0L FFHIDICT T v R k3 Si0, IV Y7
774y F Y AVTEREDO X - 2ED, SIN 2HSE, ROKEDT%Z
HIDELD, ®fRIC Si0, 2 L oHEIE 2 WS et A ThHY, 77 v 7 eiliflT 3
TeDIWZHERPEROEHD & 5 2R %E LT3 [Figure 1.4.]. 2O 7Rt 2ADBFICLD
SiN % FH W72 & STl L 7z b,



(a) waveguide patterning  (b) sacrificial patterning (€ Preform etching

(d) Lpcvo sin deposition (&) Planarization (f) cladding and annealing

' ' ‘ i : { :

Fig.1.4. Photonic Damascene process for integrated SiN waveguides. (a)-(f) Schematic
process flow of the photonic Damascene process. (g) Optical image of a SiN microres-
onator surrounded by the stress release structure (rectangle dimensions 5pmx5 pm).
The zoomed inset reveals the 10 pym wide area to each side of the waveguide that has
no stress release structure to avoid scattering losses. The crack formed due to incom-
plete removal of excess SiN but does not penetrate the waveguide. (h), (i) Focused ion
beam (FIB) cross section of the coupling region between the ring resonator and the bus
waveguide, revealing a waveguide resonator separation below 200 nm. The individual
SiN waveguides (blue) are 1.5 um wide and 0.85 pm high and homogenously filled with
SiN. The coupling region is free of voids, and no effect of the waveguide proximity on the
waveguide shape is observed. [Martin H. P. Pfeiffer, Arne Kordts, Victor Brasch, Michael
Zervas, Michael Geiselmann, John D. Jost, and Tobias J. Kippenberg, “Photonic Dam-
ascene process for integrated high-Q microresonator based nonlinear photonics,” Optica
3, 20-25 (2016).]



1.3 AR L
131 MEAEHILZIZ

HRB R 2 2, BB TRARY MUVBEFERRICHATHS XS5 RKEDZ 2T,
2R MM (comb) DEHICRZ 2205 I 5MEATWS. R TIZIER
WCERBR ISV R 72 5. IR 2 2P ROINCHEH X N0 1999 T 12 T. W.
Hinsch [\ 2 7L — 12 K o TEFWZCEBEROMEAFEE LTHWL I Z ki
RES. E—FRv 7L —PIC&k o TREINTEBE 2 0%, IEFITEE LAt E
B EFFO AT YL MHz 25 GHz DA — X THATWS. ZD7=8, $E THz &
W IEFICE WA E RO % RF S F TH L LA Z 2 25A[RET, RO DX L]
LRI ND ZEDEZ W, 2005 ik, T. W. Hinsch FKid Z OB a 212 & 24
ERNEOYEDRD b, J —~AYE¥EE% John L. Hall K HICZE L.

1.3.2 fuhEHRIRESICK DA L

CNETCONEAFBALEF R YT 74T L =R T 7 A N —FREZE—FO Y
73500 BLRAFIREANT CW HREEFLY A KAV REULELZ 2L
THEBAINTWRZ B L L, 2007 FICH/INEHRE 2 W AR 2 o, @i~ A
raanpERINZ . <4 7aaroFEITBHEORERE 2 L 132 B gD, 3
ROIAMENR (I —3R) TdH 2 UHEES (Four Wave Mixing; FWM) 2 X—2 & L
TED, Hh—ardMINTVS. MHRREAIE 3 KIEREHEIC 2 DL EDYEF2
A U7BR, MHEFERIZK > THARREEZFONFHEL2BHROZ L THS. 3K
AR L fo1, foo DHDBAFLTED, £ A forobe BFFO TR —7
KA LG Ex2E X 5. ZO, MHESRENHI-SNe 74 FIHBREL,
Z DJERE fi 13,

Ji = fp1 + fo2 = Sorobe (1.3.6)
EWVWSBRELD. KT, for = fp2 &7 DI, FHRVDEHIES (Degenerated Four Wave
Mixing; DFWM) Y I3 3. 4 270 as0REQFIHIUTO L5125, 35
IREHCAS L7 Ry THEIMRIUNRIRES 2R L, -7 74 RIS h
5. ZDTa—=THe T A RIHDE PR HIRE PR T 28, SIFHIREFAICE
W LA 5 5. Filz R E LR R Y P IEMmBRIIRES 2T, oh
O MR DR I T, Ry eFube LTEAIZARY FADEDN > TWVL.



ZDZEenD, 4703 LDARY FVELOMBIAARICHRIEE D FSR £ —8F
00 h5b. WUNEHIRERD FSR X, ZOHIRED/NX X 212 GHz 25 THz &
WO T =R —%FO7®, SETONERET LTIHEONRD 57z & D RIEFITE VIR
DIRUJEAREZS2 e N TZ 3.

DFWM A
[\{\(\v/\f\' fn fn—1 fm+1 fm+2

‘ ‘ ‘ I ) T

fm 1fmfm+1 - fm fm+1 fm fm_l

Fig.1.5. Schematic of FWM.

1.3.3 FHIRSRICHITBIIE

D NIARBEE DJEITRPBEEMREFNELEET 222157, ~47nasicB0T
X FSR OREMKEED Z & 2553, e 2 BRIIEE OEIRTE 3 2 MR ER
Y, BRI OREEICIRE T AREE SO 2 onZIT oS, UL A ERE w, 2O L
TRA 7B aALDBFELTWER, E—RKF2N— =012 wy ZXIEXH, &EKEEN
HHHRE p=1,2,- - ERERCH 2HIRZZ n=—-1,-2,--- X 5. ZOK, K
Bow, OIRAFEBBIIT 4 7 —REAICX o TRRD LS ickan 3.

1
wy, :w0+D1u+§D2u2+--- (1.3.7)

Z T, Dy EHREBD wo 1B BHEE— FREE, Dy 3HEIRIFOSEE R T [Figure
1.6.]. Dy > 0 OEEFEREBDEWIZE FSRIZIAD D, HEIRERBUI2ENICE L 7%
5. ZINEEFEDSEHE VS, Dy < 0 OEEITMCERBDIEWIZY FSR I E 5720
HIREFENI 2N R 2. ZhZEEDHE VS, ¥4 783280 TdERRT
WD S BE B EROHIRSRIHVONS. EE LW EES 2 72 D13 R B

bHAHADI L, FWELMETHORGDEE LIRS,
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fo f f fi f Frequency

Fig.1.6. Resonance frequencies taking dispersion into account. The mismatch between
the equidistant comb grid (black dashed line) and the resonance mode (blue) corresponds
to the microresonator dispersion. [Shun Fujii, and Takasumi Tanabe. “Dispersion engi-
neering and measurement of whispering gallery mode microresonator for Kerr frequency
comb generation,” Nanophotonics 9, 1087-1104 (2020).]

1.3.4 JEEBICK D HEIRAERH> T

UINEHIRAR 1T BT 2 HARFE BRI H I —E L 3R 53, HRBOEP T —I12L o T
2T 5. 2T K o THUNEHHRER Tlakk 4 7R BR RV RO BRI S 5 04,

> FERRIE RIS 7 b

JERRE RS S 7 b 2id, HIRBNDI Y — 1200 U CHIRERE DS 7 F T 3

BHRTHD. ¥7 b LIEROFEIREBE for IRXRD X512 3.
PC&V

feff - fO - ETLQ

n Aeff

T ZT, fo B3RRIBRIIRRBBEL, n ZREORIEEITER, ny ZIERUEEITR, P,
BHIRERAN DI T — Ao IZFERE— FEEZRT. ng 3—RICIETH 2729,
Peay MR E L 7221 Z EHARSA BT AL 72 5.
> BE R 7 b
HIRBBNDHNRT —DIKEL 12D Z EITHWREL LRI X > TR n &4t
RAsDELE r PWEALT 2720, M/NEHIRE DIIRITRIGIRAD & 5 ITZ(LT 2.

(1.3.8)

d dn dr

— RIS ETLEOBREKREEIEROLLICENTRKE V. BAERGRK
dL/dT (K=Y ¥ BEZERE dn/dT (K1) 2H>, ROEER 21 - LR



(Fy FFxr b7 4) DN BHOREIRERE \v 3XUTTRT X 5 LBEREFD.
1dL 1 dn
AN & A {1 + (zd—T + Ed?)}

(1.3.10)

Mo BEADEEN Lo G EOHIRR (2 — L FXv T 1) ORIRERTH 3.
o BRZIRRE L BN RBOM T ZER L7 X —=2TH 5. (1.3.10) &b,
IR X 2 L HRIEEPRFEEMNCS 7 235 20300 5.

ISP E D, HIREITHE AT T2 e HIRERENI D XS5BT E20EZ 5.
Ry THOBEEEBHEEMD S BFEAICZAAL —F LT 5. Ry THOFEENP IR
RIGEDIZONTHARY=DEED, IEPBEEES 7 bR 5. BN TENIFAEL
Tl eI Ko TR 7 PHRAEL, fMRe L THIRERIEIREEMA> 7 b 5.
EHIAA =T D TV ERIRFRIGEREEMICS 7 P LTV, HREENSRA £
TY7 bT 2 RYTHOBEEDPHIRFEL BV 720, HiR) S50 NHEIRERANITHI
ABRL DB, ZDdD, RV ITKEAL =T IELFFOE R IER — L > Y RITIIR
KEABISGEWEE 5.

135 YUR>OL

Y U b ¥ (soliton) L IXRFFRIZ L AD Z & T, ECE RO IERE R I E & RIS
LT o OLVRIGHERR AT 5. BUDEHIRERICE T 2V ) P U EFETEIC X 5000
YLK BTN X 2 OV RAEME, 2L T8 X MY v 7RG e HIRIFAN T DB
D2ONPHTZZ L THDILoTWS., TDXIREHZHZT-01, Ry bFy b
T AIRBILZHRBERE R THDWEDAEEKT T F 2 — =7 (detuning) Dfili#lH
IEWICEEL S, RYTHOBPEENRY P F vy BT 4 BT 2 HREE L D EVIREE
7 N—7F 22— (blue detuned), ZDOHDIREZ L v F7F 2 — (red detuned) & FF
A BUIMEHEIRER OB VT, HRBHNOKARY =@ BER TN —TF 2 —>D
REPHWOLNE Z D Zho Tz,

2014 FIZHDHTY VU b /NIRRT EII N P, ZhET~v A r/nanTiE
BMENTOELroE— Ry IPERINE I RD, ¥4 783 s \OLNI—E
mEok. ZOKIRYVY M rEEGEN S —Y VU ¥ (Dissipative Kerr Soliton; DKS)
RPHICY Y brase®MR. 2OV Y brasOffifAERRRICOWTHIAT 3.
T, RVITHEZEREDP OREEMNAZRAL =T T2 %2FE 5. Ry EHHHIRICA

10



Diged 5 L, HIRWEENS 7 b LA SN TEDEKIEEDEZ 5. £ 3#DHIC Figure
1.7.(b) DI D XS, ALMHPBADF 2 —V ¥ 7% — a4 (Turing pattern comb)
DFHAET D, KIZZDALMHBZNEINDLRREE ZE Z 3729, HRGFND ST —13IF
WAL RIZI2 YD, ZOHEBEZFIALE (Modulation Instability; MI) sl & FER. 2
DRFICHETZ2aL%2EY 2Ll —YayAf Y AXE Y 7 4 2 (Modulation Instability
comb; MI comb) EFER. X HICAA — T Ziil) 5 e HiREERS 7 FRAZHWZ, K
THEFHRP SHNL v RTFF 22— 2R3 eAFHZ, R 7EEY ) b UEBICAD,
YU anpREAET S, SHIRAA—T kTS, FRADOY Y b UEBICSER S 2
ZedbHUR, VY P EELPOANTLES ZESHS. VY b EBUCA - R
FERT—DBRBRAT v TIRICKRBZens, YU MN ATy TR VY M RT Y
TIIEHENINZE Z DD B0, AT v TOESDEWTHIRIFHND UL ZDOHUT K -
TEDS. SAAR 1V EDOADHZEES V7YV by e XN, HEFEET 25813~
ANFVY P EMEENS. FILTFFa—= 7 THERY Y N VEBBEET 20, £0
VU M VHEBRTEET 20— RIS VX LT, YU MAEBIALRNWIEDH S (N
HEN).
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Fig.1.7. Transmission and beatnote. a, Transmission observed when scanning a laser
over a resonance of a high-Q Kerr-nonlinear MgF, microresonator (coupled pump power
5 mW). The transmission signal follows the expected triangular resonance shape (see
inset) with deviations in the form of discrete steps (green shading). b, Evolution of
the optical power spectrum for three different positions in the scan; spectrum II and,
in particular, the mesa-shaped spectrum III exhibit a high-noise RF beat signal. c,
Down-mixed RF beat signal. d, Main experimental set-up composed of pump laser and
resonator followed by an optical spectrum analyser (OSA), an oscilloscope to record the
transmission and to sample the down-mixed beatnote (via the third harmonic of a local
oscillator (LO) at 11.7 GHz), and an electrical spectrum analyser (ESA) to monitor the
beatnote. Before beatnote detection the pump was filtered out by a narrow FBG in
transmission (circulator and reflected beam dump not shown). FPC, fibre polarization
controller; PD, photodetector; EDFA, erbium-doped fibre amplifier. e, Transmission and
PDH error signal. Effective blue and red detunings are shaded blue and red, respectively.
[Herr, T., Brasch, V., Jost, J. et al.
Nature Photon 8, 145-152 (2014).]

“Temporal solitons in optical microresonators,”

VUM ALDRETRESIRL-DICIIKEREEND S, 20T, MIEED»S Y
U b URANER T ZBROEIREN T — DD 5 K ZRRE S 7 b TH L. HIREEDH
BAMITE A B Zens, HIRFENEREMAS 7 FLTLEW, Ry HEHE» &4

12



NTLES. ZOMBEIMNLT 2720, FITHETIEL —F DA — FHE 2 Rk 5
FENE b Bl 2L = F12h1) 2R (~ ms) 2T 2 Z & THIREDIZ T 2 8%
FIHTE, R4 =TPEbD VY b URICA o B HIRER DB ERRERIC 2 2 K 51T L
TWb. VY MNNSRCA-TLEETFa—=V IZPREIEINTVWS D, Y branlk
ZELTHET S, LrL, ZOFERZEILT %121 MgF, fimiEiRaEo L5 2 KE0
HWHEZFO (BRI ORWV) R TH 2 BEDDH 5.

ZZT, ZOMDT I v 7+ —LTHDLEELLY ) b arzHEIRELDIT, V
Ut UHEBICASERIIL =T O —2Z(LIE VY P raszgRI T AT —F v
2 (Power kicikng) ¥ 9101 L —#% 2 Bffiv, FAREEZEE, b5 EKEZ
AA—=FLYV brarnzeELEE 5L —¥ (Auxiliary laser) 7% 7081 JEHIZ R
WHETRAA =T %2175 7 7 A M AF ¥~ (Fast scan) 1£ 19 R ERk A RFIENERI N
TW3., ZABIDOVWTIE 3.1 THLLIHENT 3.

¥, YV Mrasoabt—Ly FRNEEILT, BEERL v 700> vt
A Y — ol FEEER R O T H XN T W3 LIDAR(Light detection and ranging)
O FHRKHIIRPB IR VEREEFEO DR OKRIE (7 A baa n)MBe izE 3
FCRRARISHDZENTWVWS. 2O TH, JLHEFOLEHE L TOEE RS ARIN
TW37255. BROBHIHEZEZZT0EXE WDME@EE, XiRe L THEERO T
V=Y ZHET S22, TE=—RFav L=l UL ADZARY bLE I ERN R
WEoTIRTFB2RENH-7-. LHrL, CMOS Bt nt A CIEH X 5 SIN HiEsSR%
WU, FFERIVIC Figure 1.8.(a) @ X 51 FEKRL —9, HIRER, ZHRE 1 D2DF v
7RI E, av s b - REBBENBRAFENERTE 27255, T zENT 5 X
12 2014 FFICid~ 4 7 v a 22 W THRAK 1.44 Thit/s DIEEFEETHON 2. 20
BRldab—L Y RDERI D57 — XEEHEITTHITH e RoTL E o 7228, 2016 FFIid
VU raszHAuTREERDTON 2] 50 Thit/s &\ 5 BRIYR T — Xk HE
FEREL, HFEY L TOEENEZ KWITR L.
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Optical power
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Silicon photonics
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Nonlinear SiN
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Opt|cal frequency

Fig.1.8. Principles of coherent terabit-per-second communications with Kerr frequency
combs. a, Artist’ s view of a future chip-scale terabit-per-second transmitter, leverag-
ing a Kerr frequency comb source. The demonstration of coherent data transmission
with Kerr combs is the subject of this work. DEMUX, de-multiplexer; VOA, variable
optical attenuator; 1Q-Mod, IQ-modulator; MUX, multiplexer. b, 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. ¢, SEM image
of an integrated high @ SiN microresonator. High-index-contrast SiN waveguides enable
dense integration. d, Constellation diagrams of QPSK and 16QAM signals, where in-
formation is encoded both in the amplitude and the phase of the optical carrier, which
can be represented by the in-phase (I, horizontal axis) and quadrature (Q, vertical axis)
components of the complex electrical field amplitude. [Pfeifle, J., Brasch, V., Lauer-
mann, M. et al. “Coherent terabit communications with microresonator Kerr frequency
combs,” Nature Photon 8, 375 - 380 (2014).]
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1.4 FHAFEDOHH

M PEHIREFICB T 2V ) P asni@XMRO 7 x =27 225 H7 e LTK
EREHEBOTCWS. SE77y b7 —24r LTHW SIN HiRER1E CMOS Hift 7
ot 22HWTEEXNZ Zh s, BEOI YV ary 7+ b= R eAEbEREFY S
EREDARETH D, ZDJSHDOAREMEIZIR D 22 S R ZF W, RIS T SIN HiR#RICE
WTY ) MrarzREIEZORMEEZHEIL, 261V brarowEbe BiET.
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%280
IBEH
2.1 BRILEFEHRE

BERNFNR X, HEWEICESEP I EBRENTEIET 2HRDOZ 2T, &
WEoTWEND G FARRLIIZE o TR IZIN S, BXOLFINFITIEIKREL DT T2
XD D, HIMEEICHE L TETRNIZET 2R 2Ry FVAZE, HMEED 2 3§
WHBI U CTEITRNPZET 2R 2 =R R, —RICHEMEE YD OETEOE
LIFIEE TS WD, BROCENR e R T BE 2 o ROWER TR E2 22T 2r Y
FOMNHOERES Z L AREL 72 5. ZOMEEFHT 2 L BELRIESTHL2HIMET 2
AR R D, (MHAEH - MELATRE - AL v FRERRAIRT AN ADEH N
TW3.

211 BRFrRCHPIEEDOER

BRICENR 2 FHOWENTOENTRIE, E=00fETT4 7 —EHT 2 X0 Xk
2725,

1
n(E)=n+a E+ §a2E2+-~~ (2.1.1)

ZZTC, n= TL(O), a; = (dn/dE) |E:0, ay = (d2n/dE2) |E:O ThHbd. 5T, (2.1.1)
PRSI v = 201 /02 £ s = —ax/n® T2, ARDESICHEEEL 3.

1 1
n(E)=n— itn2E — §5n3E2 +- (2.1.2)

FEIHEEDEROEIE n EHNTIEFINIWLDIATE 2. 5 2 HHE 3 HITHA
THRAREVEENZ L, ZOBEDER (2.1.3) ZATDXS512725.

1
n@Uzn—ﬁmﬁz (2.1.3)

CDXIBREEERY F NV AWE LY, ¢ 2Ry F VAR R, ZOWE 2o
¥ LT KH,PO, % LiNbO, (Lithium Niobate; LN) %% ¥ 232%1F 5%

16



212 LNXZiRE

LN iZR Y F VARSI K E L, S HICHEBREFHTOGEHR e X2/ hawizd, KL
PR CEKCEMB ROV T AL 20 e LTXSHAVWSNS. LN &k bicF &
VRIS L ETRE BTS2 e A TE, BHERSERIN S, X HICRANCEME
WO 2 22T, HNErSDBRESTHEITEEZZ(L G2 LRBNEHTE 3.

> FIAHZSFR
FIWDIC, BB EBMTHRAL Figure 2.1. D &K 5 REEDOLHMREE X
5. N OEEZFONERIBICAH L, RS L OBMICERE V HEIFTESHT
WA IR, B2 728 ¢ = n(E)koL = 2rn(E)L/ o 720 NHENZENT 5.

(2.1.3) zfAAT 5 &,
tn>EL

Ao
LB, "B, ¢g = 2mnLl/X TH5H. BMALOMFEE d T 5L, EH
E=V/dt%5k®, (214) 3XDES5 CHEMZS5N5.

(2.1.4)

PPy —

v
¢ = ¢o — i (2.1.5)
ZIT, Va=429THD, Vy B WRBELIR. (IHELATEZ 205,

Figure 2.1. @ & 5 GG 2 R 0B N AL IR & LTHWS Z e B TE 5.

LN

Fig.2.1. Schematic of electro-optic phase modulator on lithium niobate substrate.
Waveguide and electrode is highlighted in blue and yellow.

MHZFHIIC T B BITE V = Bsin(Qt) 25 RFEE T35, ANT2H%
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Ein = Aexp(jwot) £ 35 &, RF EEICE o THHER S Nz I1DE Eoy 13
Eqout = Aexp (jwot + jBsin (Qt)) (2.1.6)

75, (2.1.6) D 2 Hexp(jBsin(Q)) AL TT 4 7—EHAT2 &,

Eout - Aexp(jwot)(l + .]B Sin(Qt))
— Aespiont) (1+ 5 (exp(is2) — explinr)) ) o

=A (exp(jwot) + gexp(j(wo +Q)t) — gexp(j(wo - Q)t))

PEOLNS. (2.1.7) 2onnrsd X518, HIDEF wy, wo+Q, wg—Q DARY
MLERONERD e BT n 5. X HICIEMR Eoyw ORBUE, (2.1.6) DH 2
Hzvav - 7 —0EMARXZHWTERMT 2 Z & TERES.

Bows = A (JO<B> exp(jnt) + 3 Jo(B) explialen + Q)t)

q=1

YA explinten — 1)) (219
q=1
J,(B) 1355 1 Fx v 2 LT H 3.

ERHE Figure 2.2. D X5 Y FARNIHIEE X8, v v« v x VX —RIFEE
(Mach-Zehnder Interferometer; MZI) @ X 5 728123 5 2 & T, AJIEEIIG
CTHIDEDBREZZRT 22 e TE 5. WHEOMRE Loy (&, AFEORE

% Iy &5 B0
Iyt = 0.5I3, + 0.513, cos® ¢/2 (2.1.9)

ERB. pE2ODHBICEI o TELLMNHEHETH . £oT, B#EE T =
Iout/Iin = cos® /2 TH 3. MiMHEX (2.1.5) DL SR ZDT, HEEIX

ywuzaﬁ(—r———) (2.1.10)

DESWCRES. BHOEX®2 \/n OBHELGOEICTIZ, 70) =1
, T(Va)=0t%ib, AL v Fe LTHHTES. ¥t GHz OWHEHEBTE
%78, EZH - BB (Intensity Modulation-Direct Detection; IM-DD)
HROLHEGBE LTHWS 2R TES.
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v
[

LN Electrode |

Fig.2.2. Schematic of electro-optic intensity modulator on lithium niobate substrate.

Waveguide and electrode is highlighted in blue and yellow.

> QPSK Z 2R

Figure 2.2. 123 £ 512, 1 2D MZI D2z DFIC MZI = AN FIRICHD
BLET 277 L=y Yz X —T#5E (Dual Parallel Mach-Zehnder
Interferometer; DPMZI) & 2 5. AJIL7GIE 2 D127 o, MZI; & MZI,
I ABTT 3. MZI, & MZIL, 337 LT RF (28 (Vi(t), Va(t) & DC AL 72
Vber, Ve 23T 6N 5. 20 RFEFIZE o T MZI, & MZI, %38 53t
ZHEh, 5128 MZL O ETORDMTDC N, 7 AR CMHENEZ S
N5, Z0% MZI3 12X > T Vpez FONAHZED T SNTREBTHEEINS.

D XD BMEZROLHRGE, RF(ESE DCAA 7 RAZ@EYNHIEIST 2 Z &
12 & o TH% QPSK(Quadrature Phase Shift Keying) Z#TZ 2 Zeh 56, —fi
I QPSK SR XN T WS, ZNEF TR, AJPDEOEEZHLE LTH
A PNV FZIREZE, Z2O550 1ARRZTFEZMY ML TAINDORERZS 7 &
B5 Y 7NY A FNY R (Single Side Band; SSB) A& LTHIHAT 228 %
T%5%. SSBRABREZHNZ LT, L—¥REDNKFEEZEELTT S k<
HOWREZZNEEEIEHTES.
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Fig.2.3. Schematic of QPSK modulator on lithium niobate substrate. Waveguide and
electrode is highlighted in blue and yellow. Vi (t) and Va(t) are input RF signal. Vpci,
Vpca, and Vpcs are DC bias voltage set accordingly for desired phase difference.

SSB AL LTOEFEICOWTHAZHVWTHHT 2. REE5L LT
Vi(t) = Vo cos(Qt) (Va(t) = Vosin(Qt)) Z AL, MZL; (MZIy) OfFELfiHE
ZD b L1 Vper (Vbea) ZRET 5. MZI3 EMAHZED n/2 £ 725 K5
W2 Vpes ZRRET 5. AHDE%R 4FEgexp(jwot) & LK, MZI; & MZI; D22
NDOF %@ L 72D Ei1, Eia, Esi, Exn lZRDXS1IIEKINS.

E1 = Ege?ed™ exp(—jVy cos Qt) (2.1.11)
E1y = Ege?*°t exp(5V, cos Qt) (2.1.12)
FEy = Ege?*ed™ exp(—jVp sin Qt) (2.1.13)
FEyy = Ege?*0t exp(5V sin Qt) (2.1.14)

MZI3 DN Eoyy = Evy + E1p + €7™/2(Ey 4 Foy) TH S DT,

Eout = 11 + Era + €™/ (Eay + Ea)
= Fyelwot _{ej” exp(—jVp cos Qt) + exp(jVp cos Qt)}

+ 6j7r/2{6j7r exp(—jVp sin Qt) + exp(jVj sin Qt)}}

= Eyelwot { exp(jVp cos Qt) — exp(—7V)p cos Qt)}
+ j{ exp(jVo sin Qt) — exp(—;Vp sin Qt)}]

= Eyelwot [2]' sin (VO cos Qt) — 2sin (VO sin Qt)]
(2.1.15)
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YA, ERCRILLIYvar - 7oA —oRERRII,

sin(z cos ) = —2 Z )" Japn—1(z) cos ((2n — 1)6) (2.1.16)

shﬂmﬁn@::2§:J2h¢@ﬂ$n(@n——n9) (2.1.17)

n=1

THZDT, (2.1.15) KRAT 3L,

E,u = Egel«ot [2]{ -2 Z:l )" Jon—1 COS ((2n — 1)9)}
" - (2.1.18)

o232 s (20— 190))]

n=1

7%, HHEDRD, 2 XUBOHZEMN T 2 & (2.1.18) I3,

Eou. = Boe“ [2{2.11 (Vo) cos 2t} — 2{2.1 (Vo) sin 0t}
= 451 (Vo) Eoe?0t{ cos Qt + jsin Qt} (2.1.19)
=45J1 (Vo) Ep exp (j(wo + Q)t)
3. XoT, AGHOREEE w 25 RF BE5 DR +Q 7200 B 72 B
RRONDFRAET D290 5. DCAA T RAZHFHET 221k, ROl
YA RNV REREIEELIENTES.

22 RA4o703L4

HEBEIZANDE L, KOEZIZE o THENOEFORMNENT S5 Z 212k b oM
DRI 3. HOBEGH/ PN VRHIOWO K E X IE L 250, HoBE G ZRKELL LTV
CORIIRAD XS ITREFETRINS.

P=cg(xVE+xPE*+x®E* +...) (2.2.20)

g0 BEZOFHFER, YW FBLUEZE, x?, x® 132K, 3 XOIEFEEZLRL VS,
—fIC P v G BIEEINE WD, BUNEHIREE R VTR LAD S Z Ik -
TIFRE L mEG SR TN TES. SHlE, FIZ3ROIEENREEZ 5.
ZZT, 3RDIENRD 1 O TH 2MWNKIEFDIREZHAT . £3, 320/
WP o722 NEDES E #RD L HITRT.
1

E=g Epedkez—wrt) o peihiz—at) L p o piknz—wnt) (2.2.21)
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F7z, 3 RDIFFEIM Py, ZRD X HI1TKT.

Pap, = eoxP E3 (2.2.22)
(2.2.21) % (2.2.22) KRAT B L, Py ZUATO LS 1cKEIN 3,

1 .
Pai = 5 D P (wp)ed Frzment) (2.2.23)

Po(wn) BT O & 512 44 DR 2 RIS %150,

(3) .

Po(wy) = EOZ [(3|Ek|2 + G|EL? + 6] |?) el + - (2.2.24)
+3E2E;?2wr—wit L 6B B E e @rtwimwn)t Lo (9.9 95)
+3E2E e 3ortedt L 6Fy BB, el (@rtwiten)t Lo (9.9.96)
+E,§ej3“’“t} (2.2.27)

(2.2.25) O 1 HIZEHT 2 &, FUEBREZRONT 2 0 6 REEB 2ot
TH2ORETEI LN E. TNZHRIDEKIES MR, £, (2.2.25) D% 2
HICHEHT 28, 2 00ES ABEBERONT 2 006, HilLEEBERONT 2 o0
HAETDI DTN s. IRz FHERIDCIRS LS. ZOBRRZR I ki
BIL TRD K 5 AitHSR M 27 T ED D 5.

TRIERIRS ¢ k= 2k, — Ky (2.2.28)
IEHHRIUNEIRS  © kn =k — ki +km (2.2.29)

K7z, ICHEER 3 RO RZHAT 5. (2.2.24) OHMAHE 1 HIZIEHT %
¥, BHODEZIZ L > T w, OMBEEEERORDPETINTVE. 2k HOENHEH
(Self Phase Modulation; SPM) L FESR. F7z, (2.2.24) O 2 IS M E R E %
FFONDBEHIZ L o TEREINT WS Z & h HHENMMEZH (Cross Phase Modulation;
XPM) &R, A =R X, WEOEITRIEDOHMEIMKGFT 2BRDZ LT, R
eI 52 EMERERRnIZUATO XS ITEREINS.

n = ng + nol (2.2.30)
T 2T ng BB RIEITR, no IJIFRBEITRTHD, UTD LIRS NS.

3
= () 2.2.31
n2 4n%€oCX ( )
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23 VYU BR2OL

VU P WISV RBBEF 2R L TH OV R D ERERDNZE L IR v & v S Rk
BHEZR>TWVWE ZL3HAR LB THS. 2OV M IF, ERE 2L T4~
77— 123X (Nonlinear Schrodinger Equation; NLSE) IZ X o THUEZX 5. ZHZz M)
NHHIRABCTHEA T 2 7-0121%, AJEsv— (FT), QH (%K), TakeE, JERIELE
FIREERT 20ENDS. NLSE KA T = FF 2 -V TOBEEZMATD DI
Lugiato-Lefever 725\ (LLE) & MIN, ThEMTT 5 2 & THINEHIRERICBI 5 Y
U FYaLORESZMNEMS N TES. LLERMUTO XS cREINS.

0A(¢,t) _ (fy Dy 92 A

ot 2 2 942

2T ¢ BRI O TTALEEAT, ¢ 13BHRIFH, A(),t) BHIRIBAND (¢, 1) 12T 2R

m,ym%®mﬁ¢,guﬁ—%%u%?éMﬁ S 3T Fa—=vr%2RT. (2.3.32)

&, v=0, Yext =0, Ajy =0 & LEROABEBFONLT-0EMT 2. DK, (2.3.32)
D—fRELLT D & S IRET 5.

+]60> A+ j— +jg\A] A+ /TYext Ain (2.3.32)

A = Bsech(¢/s) (2.3.33)

B3V ADIRIE, ¢, 13 OVADIRERT. (2.3.33) & (2.3.32) KA LEET 2 2D
ToOBRMELNS.
Do
292
ZZT, (2.3.34) 0% 1 HIZHIRIED 2 RO TEUCE S 23H, 5 2 HIZIERECERN R
WS 2IE, B3HEITF2—=VJRHATRHETHS. kb, VU FrREEE
TOXMPREL 5.

[1— 2sech(¢/¢s)] + gB%sech?(¢/ps) — 6o =0 (2.3.34)

Dy = gB*¢? (2.3.35)
Dy,  gB?
6 p— = - 2. .
0= 95 5 (2.3.36)

(2.3.35) D gIXIETH B Zeh b, Dy dIEICHR D, F/2, (2.3.36) DAL D FEERICIEIC
RBIEME, TFa—=07 8 BIETHEen0h%. koT, MUNEHIRSRICE
WTY Y b rarzZFEEXRE-0120F, BEoHEROHESGEHWT, oKy 7K

23



RE2HERER LD RERANCWS LY FTFF 22—V DIREBICT 2HE DN H L. £/, VY
b A LDNRYT — Py E2OVRNE T I3BEERIVISRD 5N TED, LITD X 51275 24,

A,
Pyt = Z QH\/—anﬁgéo (2.3.37)
2
B2
— /- 2.3.
T T (2.3.38)

22T, Awg EFEME— FEME, B2 = —nDy/cD? FHEESHERT. (2.3.37)
¥ (2338) 2R2k, YU MYALRZBOWTTF 2 —= Y ZI3HEIREB EIIHIL L7285
X=RE UCHERICEHELRD DT Hh 5.

2.4 Pound-Drever-Hall(PDH) %

Pound-Drever-Hall(PDH) £ & X, L —HORENZITS ETRPERVWFETHS.
TE4 1 R. V. Pound K23~ 4 7 0 iR TH W TW2Ed % Jhon L. Hall K251 —¥
DEFENMIZHN S DT, 1983 FICHEALI N 9. \E, FFOLE)R I AL
ER L — Y2 RZEBRTIREFICT v 7 F 2 FRIINWL O0FET 525, PDH EIEFEH 7R
BEOZINERL, K DIEMICLEMNTE S, Ziud, PDH ECIIHIREE OZE#EK D
R (HZ) OTEMZITICT 4 — FNY I 2TR 206 THS. LITIEELKEAT 5.

EIHIDIC, EANMZERREZHWT (e, BEBOBERDOAZHNT) L—FD
BRZH2 1Ky 27352 %2E25%. Figure 24.(a) IZRT LS, v—L Vil
ELIzT 4y 7OEmIcry 7 L35, HIREEE L -V OREDE (FF2—=V

N BEGELELIZTNTHEARIFP LT LES o, ZBEBLITIEL -V OE
MELLIBE L7300\, 207D, iy 73523 FARETHE. 22
T, Figure 2.4.(b) DX ST 4 v TOEMTIERL T4 v FTOMHEICH Yy 7552 L %
EZ25H. kY4 Fry 2 (Side lock) EFER. ZOK, 7F 2 —=V 7D ETIIGL
TERRES LTI 24D, vy 7TE%. L2rL, L—UDPIRLETH S WVIHHHELD
D, L—FOHNORZINEDLSTLED LBEBERMEDZEMLTLE S o, [EEI
By 7 TETVWSEIEFERARV. Z22T, PDHIETIE, Figure 2.4.(c) D& 5%EZ L7

HIRIR DILEB OB (=7 —> 7 FnN) VS, 5= 7 FVIwEEBe 25
720, TFa—=V I RBERGANDE N TES. FZTFa2a—= 00 ThLHE,
Io7—Y7FNb 0D, TO/REEYRIORARS Y N EFESR.

24



(b)

Side lock

N

(c) ¢
f

PDH lock

Fig.2.4. Comparison between PDH lock and side lock. Circle marker (magenta) shows
the locking point. (a) One can not lock laser to the peak of resonance. (b) Side lock
method. (c¢) The derivative of resonance curve.

iz, PDH 22 HWTHHT 2. PDH EOHEARNR L v + 7 v 73X Figure
25. DX 21785, F3L—¥2 0 DNENAHZEHE (Electro-Optic Modulator; EOM)
THEEHINS. Z0k, FBEFHIREE (Local Oscillator; LO) O JEEE Q 72BN 7
EZHITHA PV R0, (ARSI, HIRBICASL, 7+ bXA 4 —
FTBRAGEEREHRINS. ZOEBIXLO»00EEE ¢ ZHiHET O LD
FIEAR G S, TPF #@D¥—Ka>Y bo—3 (Servo) \ANEING. F—FKay b
B—=Z 2374 = RNy 7 ZITI7DDTNAATHY, ANLEESZ20CTEL51
74 =8N 7%21T5. L—HE 74—y I7EBICL-oTLHEH, uyrIhs.
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Resonator

.

Laser > EOM > PD
N | N |
Servo LO | Q)
N
Error signal @ Phase shifter
< ' &<

Fig.2.5. Basic experimental setup for PDH locking.

ZIZT, L—=HFDN%E Eyexp(jwt), LO ORIRFEFE T Q £, ZOHIMAHEH
B D, HIRBHCAS LR By 1 (2.1.8) D LSk 5. O, EEFHE F(w)
X, RN SHET T 2% Eow & LR, RO XS ICREN 3.

Eout _ J(w —wo) + (Vint — Ywav)/2 (2.4.39)
FE; j(w — CUO) + (”)/int + 7wav)/2

22T, Yinty Ywav (& ENENHIRERER DL, HIRA L B O EIEAEZRT. Z
D BRI DFEES & FERE Figure 2.6. D X512k 3.

F(w) =

(a) o ‘ (b)

Transmittance (a.u.)
Phase (a.u.)

w — wy (a.u.) w — wy (a.u.)

Fig.2.6. (a) Real part of F(w). (b) Imaginary part of F(w).

2 OFBEI F(w) 72D, Bou ETERD XS 1CH 5.

. B . B .
Eouw = Eo | F(w)Jo(B)e’™" + F(w + Q)Eej(“”“mt — F(w— Q)gej(‘”_mt] (2.4.40)
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TH T 4T 27 R& Eguy DT =IZHBILIEEZHIIT E52DT, ZD8T— Py 13X
DEIThHSB.

Rmt:4Egmﬁ::J%B[Regx@g}awgn-+hngx@o}gn9t

(2.4.41)
+ (terms in DC) + (terms in 292)
BB, X(w) I ZATDOXIITEET 5.
X(w)=F(w)F'(w+Q) — F(w)F(w— Q) (2.4.42)

ZIT, LO»oDESZ ¢ CUMiHZ T LI-bDE Py ZIRAL, HTEXESE
LPF TDC DAY T, T8, ZDES Varor ZRDEIITEKEINS.

Verror X Re{X (w)} cos ¢ + Im{ X (w)} sin ¢ (2.4.43)

¢ =7)2 DD Verror 1 Figure 2.7. D X5 2B E 725, ThEeLo— 7 F N MR,

Error signal (a.u.)

Detuning w — w, (a.u.)

Fig.2.7. Error signal obtained when ¢ = w/2. Circle markers in magenta show the zero
cross point.

COBBDOEr /B RARL b ERY IRA VPN TBILT, 7Fa—=V 7% -,
0, /R AQITEETE2IENTES. turoXRA Y MIFBEIKELZRWED,
L —PEEREEICREI RN TEDL., £, 72—AT 7 R—DPEP-7-1LTDH

27



O EZXE2 2 THNHOBEBREZILXEZ Z 2N TE 5729, Figure 2.7. DX 5 7%
ITI—=YTFINE/BZIENTEDL., TFa—=V IV ) b HEBICFET 2RDOAY
Vbhrar3FEET 2D, PDHuy 7 EHWTTFa—=v2%0y 2§52 8 TR
ELZY VM anzkf5Z e TE 5 20,
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% 386
VU FOLREEREE

31 YU RYOLREFE

RYTHOBEREHIRERDERR T T Fa—=0 2y, HIERNTHRETZECLS
HIREES 7 Ol Y U by a dBECBOTRKEFIIRZZ LW DIFHEIHR L /@D T
H5. HHTYY bYasPERINZEREE, ROTHOBEEEAL —TT2HEEZE
LXBHIRIBBISMDO 2B TEST 22T, VU b UHEBRICA o 7= BREZCEH O IREE © 72
X917, —HREFEIRBICRZ2 YV MY asIRET 20, AL =75 5K
Bt ms L HHVEW®, MgF, fMmtRas D X 5 R IEBAREDL K Z v (=2 AR
FOREZWV) IR TLLHVWE Z R TERL., 2O, SIN U Y FHIREPI VD
beA4 FHIRSRZETIE, ZOAEEZHVTH Y)Y b rasl3LELTHEZIES Z T
TERWET = T3, ﬂ@%@%ﬁU@TmﬁﬁﬁﬁﬁmfyvFVﬂA%ﬂﬁLT
FAEXELZRENRFELHENT
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a ftargeted soliton state b 1
N transmission - .
. laser scan
3 control voltage I T
o - .
Cal Temperature intracavity powgr
982 - 3
scan time . laser scan
2F efuning
Cc ©
| Temperature |
N R R R SN 0 ) N L N L
0 1 2 3 4 0 4 8 12 -20 -10 0 10 20 30 40 50

scan time, a.u. scan time, a.u. scan time, a.u.

Fig.3.1. Laser tuning method to achieve soliton states. a. Illustration 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. In this ideal scenario the temperature (which starts increasing as soon
as light is coupled to the resonator) reaches the steady-state equilibrium temperature
of the targeted state when the system has reached this state via laser detuning. If the
laser scan is performed too slow (fast) then the resulting temperature will be too high
(low) and destabilize the system. b. Simulated laser scan including thermal effects. The
blue curve shows the intracavity power while tuning into a soliton state with a suitable
laser tuning speed. The simulated laser scan is halted once a soliton state is reached
(laser scan detuning indicated by the green curve). In this simulation the resonance
frequency is shifted due to Kerr-nonlinear and thermal effects. The temperature change
responsible for the thermal resonance is shown as the red curve. c. Experimental laser
scan over a resonance, showing a pronounced step followed by multiple smaller steps.
d. Demonstration of the adaptive scanning method. The laser scan is stopped after the
transition to the soliton regime. The appropriate choice of scan speed allows the system
to remain stably in a soliton state. [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 Photon 8, 145-152 (2014).]

3.1.1 NI—F%voi&k

RYTHONRT 2T 21X > TROHELZIBIHZ S LW OB ZDFIED
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Fig.3.2. (a) Simulated intracavity power in which the pump laser scans over the res-

onance from the blue side to the red side. The steps on the red-detuned side indicate

soliton formation. (b) Schematic of experimental setup. (c) 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 (~ 100ps) to extend soliton existence range; (III) servo
control is engaged to actively lock the soliton power by feedback control of laser fre-

quency; (IV) lock sustains and solitons are fully stabilized. The cavity-pump detuning
(vertical axis) is relative to the hot cavity resonant frequency. [Xu Yi, Qi-Fan Yang, Ki
Youl Yang, and Kerry Vahala, “Active capture and stabilization of temporal solitons
in microresonators,” Opt. Lett. 41, 2037-2040 (2016).]
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Fig.3.3. (a) Scheme of using an auxiliary laser to assist in accessing soliton states. The
1.5um pump laser generates a microresonator soliton while the second laser at 1.3 pym
wavelength passively stabilizes the intracavity power. (b) Illustration of the intracavity
power (red: 1.5um, green: 1.3um) before (left panel) and after (right panel) soliton
generation. (c) Microscope image of the 1.3-mm-diameter fused silica microrod resonator
used in the experiments. Panels (d) - (f) show the principle of the passive compensation
of the circulating power in the microresonator by the auxiliary laser in order to enhance
the soliton range (animated version available in Visualization 1). In panel (d), only
the auxiliary laser is coupled into a resonator mode. When tuning the pump laser into
resonance, shown in panel (e), the thermal shift of the resonator modes automatically
reduces the amount of light coupled into the auxiliary resonator mode. Panel (f) shows
the abrupt transition into a soliton state, which reduces the coupled power of the pump
laser. In this state, the pump resonance splits into C-resonance (resonance for light
arriving out-of-sync with the soliton) and S-resonance (resonance for light arriving in-
sync with the soliton). The reduction in pump power in the soliton regime moves the
auxiliary resonance back towards the auxiliary laser and thus compensates the power
loss. Panel (g) shows the temporal evolution of the intracavity power when tuning the
pump laser into resonance with a fixed frequency auxiliary laser. Panel (h) shows a
measurement according to the scheme in panel (g). The two steps in soliton regime
correspond to different soliton numbers circulating in the cavity. The 1.3 pm auxiliary
laser passively compensates changes in circulating power of the pump laser. [Shuangyou
Zhang, Jonathan M. Silver, Leonardo Del Bino, Francois Copie, Michael T. M. Woodley,
George N. Ghalanos, Andreas @. Svela, Niall Moroney, and Pascal Del’ Haye, “Sub-
milliwatt-level microresonator solitons with extended access range using an auxiliary
laser,” Optica 6, 206-212 (2019).]
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Fig.3.4. (a) PDH approach for Kerr-soliton generation. An SSB-SC frequency shifter
is driven by a high-bandwidth VCO for fast frequency control of the pump laser, and
a servo locks one of the phase-modulation (PM) sidebands at resonance. A voltage-
controlled optical attenuator (VOA) is used to control the pump power. (b) By adjusting
the frequency sweep rate, we control the transition into the soliton regime. The waveform
applied to the VCO is a simple, linear voltage sweep, and the = axis is relative to the
cold cavity resonance frequency. (c) Feedback is initiated at a predetermined instant of
the frequency scan. The dashed line corresponds to the PDH lock point. (d) Generation
of soliton frequency combs across the entire C band. [Jordan R. Stone, Travis C. Briles,
Tara E. Drake, Daryl T. Spencer, David R. Carlson, Scott A. Diddams, and Scott B.
Papp, “Thermal and Nonlinear Dissipative-Soliton Dynamics in Kerr-Microresonator
Frequency Combs,” Phys. Rev. Lett. 121, 063902 (2018).]

3.2 ERICAWIHIREG L Q ERE

SIN Z W HARGIMFRIIERE @ BRI 2 L E e 325, 207k, SHOMET
BHERD 7 7 7 ¥ Z VI &K o TE L HREs 2 W7z [Figure 3.5.(a)]. SIN EEHE O
JEAE 0.8 pm, MEIX 1.6pm TH D, FSR A 400GHz £ 725 X512V ¥ ZHIREDHF
WE57um & L. £, YU MaszREIELDIITER ﬁ%‘fi’b%%%#%é
23, COMSOLIZ& %> I ab—a VORRPORBETHTH 2 Z 2305, |Figure
3.5.(b)].
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Fig.3.5. (a) A magnified view of SiN micro ring resonator. (b), (c) Calculated disper-
sion of the resonator.
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MY 77 I70B6h, 2077 71a—LyVBEBET7 4 v T4 7L, FHEEEFES
52T QENFEONS. F7, RKa Y a—7F (Polarization Controller; POL) i

HIRAICAS T 2 HORKZIRET 2 72DIHALTWVWS. AEBRTHOWHIREGD Q
% Figure 3.6.(b) \Z/” 3. Q Ik 1.3 x 10 &7 o 7.
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Fig.3.6. (a) Experimental setup of @ factor measurement. (b)Fitted curve of a reso-
nance with Q ~ 1.3 x 106.
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Fig.3.7. Experimental setup of fast scan technique.
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37



EDFA 1358 B A IR X N THAE T % ASE(Amplified Spontaneous
Emission) & FHIN 2 IEFICIRFIER 2 4 X eRo70, £k BPF I X - TR
ELTW3.
> Soliton monitor

HIRBBANTRAELLZY Y P rasnziFd LKHET 2001+ TH 5. HiR
morHHEFININZ, 77 AT T v 77V —F 1 7 (Fiber Bragg Grating;
FBG) £ HARZ M L7 FF 44 (Optical Spectrum Analyzer; OSA) 12 ASH 3
%. FBG IIREDHREDNZ KT L 2 DD EDHEEEH T 2 &5 Rtk
H, RVITHEVV VN arz2nfT 228N TES. Bk (KEHE) 27 4+ b
7 4 72 & (Photo Detector; PD) IC &k o T&ER - BEWRKEHRT 22T, YV
Fran (Ry ) oy —oREEEEZ A > r X a—7 (Oscilloscope; OSC)
XoTHIETZS. VY M asd®ETIRREY Y P ATy FEMIEN 25
BRI A LA v Ra—-T ETRLONS.

332 SSBICLBEER*XVYY

iz, SSB Eii#RE W ERF ¥ VITOWTHHAT 2. LN Z#fRO+HTd QPSK
ZHSREY N4 7 ZAEE e RFES5%Z201F% & SSB £z T2 5 Z L ZHih L 7258
DTH5. ficd SSB LM T 2B ELRTANA AN DH 2D THAT 2. vy b7y 7
BTFDES172%.

38



IN mPSK modulator [———————OUT
H‘ (YA WA N2

|A‘I‘I’| |ATT| | DC Bias |

L [a
| Hybrid coupler | 0SsC

Trigger

Vtune
VCO
4 (10 GHz~20GHz) AFG
_/

Fig.3.8. Detailed experimental setup of SSB generation.
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YIWH IR oTWAS. IHE D DEE (RX—FRA ¥ MV, EbHOEE (¥ KKA
Y MWV, ZA—=TDUEE D ETORM t, 7> 7 ORI to, A4 — THROKER ¢35 &
50DRFRX=2BHYH, BIED LabVIEW 707 J A k> THHICHIEITE 2 X5
WHRoTWb., 72, VYN ATy TR2BET DAL =T LRULEA IV TH
YRAA-FZMIFEEBHAOLTVS. VCO »oHTEN7: RF FEIIHEIEX N,
NA 7V FA 77— (Hybrid Coupler) ICATTENZ. NA TV FAT7—EATHME
& 2O, FAZRZEOLRFEHAL, 5 A E n/2 B0 HEZ TS LES 2T
NT5. ZOE2OD RF EEOETETONRY —DEPEFNTLE S DALY v T
F— X THEIN, QPSK ZFHZRICATIEIND. Tz, BFBRIOITEANL 7R3 0H
578, £10V 2HHTE 3 4ch BEHNIEY 2 — 2 HED LabVIEW 7025 4%
FW-CHIE L 7.

39



Vi

Trigger

v
-~

tl t2 t3

Fig.3.9. Five parameters for Viune.

Z 2T, ARFETHWR VCO D ANNERE L N7 — B XOREKRE D% Z Figure
3.10.(a) ITRF. Viune WL TRF BEORY —DZ(LLT0E7®, ¥4 FAYFD
R —HFARICENT 2 2 L CEREIRETHS. £, SSBEHFHBOT R+ LIZED
AN 1D AT bL%E Figure 3.10.(a) WRT. ZOKE, Viune 1 $0V TH o7z,

(a) (b)

20 T T T T T T

Pump
——SSB

|
N
o o

Frequency (GHz)
|
S

Power (dBm)
Power (dBm)

|
D
o

. R ) -80 , A A ) \ \
0 2 4 6 8 10 1549.4 1549.6 1549.8 1550 1550.2 1550.4 1550.6 1550.8
Vtune (V) wavelength (nm)

Fig.3.10. (a)Frequency and power dependence on Viune. (b) Optical spectra of a laser
and the output of SSB modulator.
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Fig.3.11. Screen shot of oscilloscope of transmission spectrum.
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Fig.3.12. Screen shot of oscilloscope when light is entering the cavity. Yellow: pump
power. Magenta: comb power.

ZOKIDOHFDLTHEEDAF ¥ U2MTHONTED, ZOBRELIREICHEDS A D WHIES
PERILTWARETRANAL ZDEIICERZTWS., 28, Vige &7 ¥ FIREDH S D
BTz v Ra—FAITHEHRLTWRL. ZOR, Vime DVNELEEZAL —TD
BONZIWVWE, R THPR TN =T F 2 —VDIRETILFE 2720, Fa—1) IRk —V
a4 ML a2 228HlEN 5 2 eD3DH 2 [Figure 3.13.].
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Fig.3.13. (a) The spectrum of Turing pattern comb. (b) The spectrum of shallow MI
comb. (c¢) The spectrum of deep MI comb.
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Fig.3.14. Screen shot of oscilloscope with a 600 ns soliton step.
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Fig.3.15. Screen shot of oscilloscope with a 50 ps soliton step.
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Fig.3.16. Screen shot of oscilloscope with an 8 ms soliton step.
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ILB/GBEIENTES.

VU RYALDARY FUIE Figure 3.17. D X527k o 7.
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Fig.3.17. Optical spectrum of a soliton comb state The red line shows the sech? envelope.
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Fig.3.18. Experiental setup of PDH method.
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Fig.3.19. Observed error signal. (a) = 640 MHz. (b) Q = 642 MHz. (¢) Q = 643 MHz.
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Fig.3.20. Experimental setup for PDH locking and soliton generation.
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Fig.3.21. (a) Voltage adder seen from above. (b) Circuit diagram of the voltage adder.
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Fig.3.22. O bserved soliton step (magenta) and error signal (blue). (a) 2 = 801 MHz.
(b) Q = 802 MHz.
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Fig.3.23. Observed soliton step (magenta) and error signal (blue). Dashed yellow line
shows the set point for servo. (a) Soliton is at equilibrium. (b) Soliton destabilizes after
a short period of time.
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Fig.3.24. (a) Optical spectrum of soliton comb with PDH. (b) Continuous soliton comb
generation.

Figure 3.24.(b) 226 X512, 100 7 Z2#@E/- ZATY VU by asnidHEHKkL

49



TLEW, Fa—Y Y IR R=VasDBREELTVWDE IR 5. TR TIXFEE
DEEBZITV 24 B FZE L TREL TCWEZ e 2iE 252 2 PDHEICEL ST
Fa—=270uy IHPTATOErAREENREZ NS, 1 DOERE LTEZXS
NEZDILTT =7 FADEY bRA Y ID, Wh®Z¥RIZBRAKRS, Y MIREP-T2Z
A5 ZDZ e EHAT 572012, REFEREDEEED Q OF Figure 3.25. @ X
ORI =T FAPELND LT 5.

40.142

detuning

Q—'—P

Fig.3.25. Error signal and locking point. Circle marker: Suitable point for PDH locking
(zero cross point). Triangular maker: Unsuitable point for PDH locking.
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