=

XEE

TV ML A v T A LIS BET - 2 BOMKIC X o T, Ell - EahER Gl iEHE
OB RIFEHFICEE > TE T, BUNHRESZH W=z LTHhE< A 7 a L
X, IERIEHAIRDO 1 O TH 2R E R REIRHE TV ATH S, ~4 72
LATFERDICSEPE = £ L L C, /N - B AL F— - @R VIR L & wo R R R
o, MBEZECKA G CCHAMRERIME I N TS, w4 7o a Lx w7k
WEICHOEITHRDS L, TV Lae—L Y MEBEICLZRARLEREHE%%H
BEE LT3, —J7, 5EfEAEH - B (intensity modulation-direct detection; IM-DD) 13,
AL, EEHEME, R a XA 74—V RICED, F—XE VR ZIILOLTSH
FEE R Ic B TIRAR L LTS SFIHI N2 BETRTH 2, 7 -2 v 2o
Z5BOIERBTIRING -0, TNE L2 ZREBHMMOKEIEETN T D, ZOHFEE
WUNRERICk 3= 4 7 ua sCcfRIT2 28T, 2R 75—V RERBRBHEED
ML KIS 2 2 L AMREE D, KFSCTIE, 7 vk~ 3> v LR IHRERIC X 2~ A4
7 aa Lz M7z IM-DD STRIC X 2R HI%E (Wavelength division multiplexing; WDM)
{LEDEEEZ{To> T\ %, FSR20GHz ® 7 vt~ 7 % v 7 AfE LIRS % v 72 40 km &
EDLEFFEAME L, =7 —7 ) —REkZEK L 72, AR ORI, FkoT -2+
v 2 COERICHIT T, IM-DD ARICX 2 ~A4 7w a Lz kRSES EE oG
MAlREEZ R3O TH 3.

51 BT, ARWFIEICBE T A HEEAER & U CRUNEHIRER R C B 2 L oI D W»
THAL, Ao HWZB~S.

% 2w, BUNEILIRIE O BB & R AR R B

% 3 ETIE, =427 v a0k & BETIEICOWTHRN S,

o4 ETIE, A4 2703 LOBRIHEICO TR R R T

5 5 BT, AEHCAREL CERr BN,



Thesis abstract

Wavelength division multiplexing transmission
from a magnesium fluoride microresonator

The demand for high-speed and high-efficiency optical communication technology has been
rapidly growing due to the increase in the amount of communication data associated with digitization
and online communication. Microcomb, which are optical frequency combs using microcavities, are
optical pulses based on the generation of four-wave mixing, which is one of the nonlinear optical
effects. Compared with conventional optical frequency combs, microcomb are compact, energy-
saving, and highly repetitive, and their application research has been reported in various fields
including optical communications. Most of the previous studies on optical communication
applications using microcomb have targeted large-capacity long-distance transmission by digital
coherent communication. On the other hand, IM-DD system is still used in data centers and other
medium-range transmission applications because of its low latency, high reliability, and excellent cost
performance. Since the market scale of data centers is expected to continue to grow, it is desirable to
develop the fundamental technology to support it. By substituting microcomb for the light source, it
is expected that both cost performance and high-capacity transmission can be achieved. In this paper,
I present an experiment of wavelength-division multiplexing transmission by IM-DD system using a
microcomb. Error-free transmission is achieved at 40 km transmission using microcomb with FSR of
20 GHz. The results of this study demonstrate the applicability of wavelength division multiplexing

transmission using microcomb with IM-DD system for practical use in data centers.

Chapter 1 describes the basic knowledge and the purpose of this thesis.

Chapter 2 describes the theory about microresonator and method of fabrication.

Chapter 3 describes the theory about microcomb and experiments for their generation.
Chapter 4 shows the experimental results of the transmission characteristics of microcomb.

Chapter 5 summarizes this thesis.
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1.1 EC®HIC

%@Aﬁ’tofﬁﬁ’ﬁfT5%@ﬁ%T%D,E%#%%%ﬁﬁaﬂﬁb@ﬁ%i
FHLUTE, RIBEFICEETHE I eh o, HREZHNZGH £ TIEA 2 HHRSETE
tbf%a<#bﬁbaﬁﬁﬁﬂ%ém13t.mif DALRE—NAEZTE Vo T2
LDl LTEITONE., ZORDPFEHNREEVATLE UL TEAINZOE, L—
ORI BB R DN T 7 A NEMPREHINTLUEDO Z . TH S, JLEEV AT LIEE
T, SER, SMEREEFETHL L VIRENH L Z e oEHZRY, SRR
B ITHONTE 72, 1990 FERP S A VX —3 v b EEREES N2 DAETFIZIRE LIS
&, BAETIHBRERMIETFLUIVET I BN TERVEDERSTWVWS., HBEV AT

LFZ OBROBEFEMOKLE > T WS,

Fridl a7 o )V ZEGE O RN K 2 e LT, BEEE - HE - REL Vo 7z
B2 RIGHETA Y T4 MR T I XN L b D SN T\W5B. 5 5 IR ENEE >
AT L5 (BG) ZIELHET BT Y ZIVEMOBFE - BT 72H 0 AP NET 5 Z &
DPEI N, JBEY AT LB 2 EBHAMICEE I N2 FHIZZ I b5

AWZETIE, BUNEHIREREZ T - L UTHBEY AT LB T 2 HFICER Lz,
INEILIRAR IZ AST U 726108, FERIEARENRIZ K > TE RO 2D~ 710
LADPMEREINE., ZOXA70abiF/N - BEH - SRORLE WS 2HHEET ST
SRk Z B TCIGHAMELRfTONT WS, HBEY AT LADOEFEE 2T H TN
A ADFAFEIZFANT T, ¥4 2703 LOIEMAFRENE %2R 2 RN, BUNGHHRE D
WEY AT LIBITBIGHAREMEO —f e XV TH 5.

1.2 BUNEHRES
1.2.1 SeiRes

R, RO FOLS BT XINF -2 63 SIRENT 2 E YR U THMED S JF
e e 5 2722 &, ROWREHPHIET L2HRLTH S, SEH & O I RIE A
ROEAIREBUENEEZ DRRIIKE 725, T OBLGIT SR O IR 2 0D 7] 54 1] 55
RERRABRBDOTHHINTED, RIZBVWTHRAKOIIRITAHET 5. etk L



1.2 BUNEIRE:

&, e ZEHERICEA DA 5 RIT & > THREE D IR BOEE R % 42 U 5 TR TH
D, L=YOFEIHIHWONS.

REM IR L TIE 7 7 7Y — - Xu— (Fabry-Perot) BILIRERBZE T 5N 5.
Fig1l.1. 127 77V — «» R —HULRBOM SR 2 /79, 2 OHHRERIE 2 MOFETICHE
SNSRI K > THER S N FHELIRER CTH 5. EE2EET 2 FHRED
FEOBEKAE L I 2 iRGEMF 2 hil- 3 &, HIRBANONVERI NG, RS2 —
HOWEDRLZHNHE—RTH D, BT 2MtE— FOE (AREE) MEIEEHA
AR MVEHIK (free spectral range; FSR) &IN5 RO BE LMK ERZTH 5. I
BARL—HITIET7 77V — - Ru—BHHREVPH VS NS. LA IRERN 2 U CTHIE
INFOoNDFEPERIETORINCHE TR EDHEIIZHADEI FTREL Lo L
&, HIREEEIC B W THIRZ BT 5.

_ Mirror

- — -

Repetition

Fig.1.1. Ilustraion of Fabry-Perot resonator.

122 T4 ANV T7F¥ v 3 1)—FE— K (WGM) HiR3s

HDFHIRETOV v I RIOEWIKE D AT 2175 NAERETHERI N Y v
HIRAR & Vo 2O HIRARITIE, ZORKXHLHE LTI ARV ITF vy T —
£ — N (whispering gallery mode;WGM) H:iR#R 23T 55 . M REIE O @iy o A
ELTEERL L, HERVEIZN > THEZEOLBEPEI L. 1 XY ZOYH¥EHE
Rayleigh(1842-1919) (3 > b - R—)LKREED K — A TD T DBIR % i i 7 BEH T D
Kz X2 EDEME UTHHLZ, ZOLDRFEDEDLD HE T+ ARN) U I7¥ vy 5
D —E— R EIEEh, WGM HHRER TIEEAP BTN > TN 20K LR SR



1.2 BUNEIRE:

s 2 0, JEmiIrR n ORI SE-E N 2ERE R O WGM HiR#I2BEWT, FSR EBL
TTRIN5.

C
2mnR
ZIEE UMEBID SEHEL X 7 WGM HHREE D FSR IFHEHREB OV 1 X2k > Tk 3
e rEKT 5.

FSR =

(1.2.1)

Light

Fig.1.2. Illustration 0f WGM microresonator.

Fig.1.2. 12 WGM HREROME2 £ TR TH 5. HEROMMAR Q MEITTh, Kz
HEIR B IET SN2 I BRI LA 5N 5 2 2 BT HUE TS 5. WOM HiELE
IE BRI TE W Q % AT, WOM HIEEIE M m ~ mm FE & IERITAE »
P4 ZTIEMARETH D, HERNBOT— RERE NS V. £ ERNIBOT 3L
F—BENEE D05, H L WEMOHTLAEAARE 5 7201 FHE 2 RSB
END P BUNEEERE, YU aYF A RS R (SIN)BE, YU H (Si0) W, T vk
T 23Ty L (MgF2), 79w kA s 4 (CaFy)l &\ ebkx MR CEE N 3.
¥V AVEBETYF U URBA AL —FIZ kB L —FY 70952 L TfEE R
B oA IR, SEE I LT B RS IREE, IR BT S RO
1E£55.



1.3 SR a L

Fig.1.3. Various types of resonators. (a)Silicon nitride chip. (b)Silica troid.
(c)Magnesium fluoride resonator.

1.23 7 vt~ Iz LfERILRS

7 wib= 2 2> L (magnesium fluoride; MgFy) & & rI 62 6 BE R ER 2 &
CigA VS R E & O~ R AR TH 2 1. 7 v 72T LRI
MZE IR, BIH] - BB &\ o 72 ARIHI T NA 5 722 7= D I U NSt iR g o k4 kL & U Tl
LTWd. 5617972 Y 0 M 3OIERMPEETH D, BEIWERD T &h
HXA 7B ALDVREETEEM2M-ZLT0WE. 7y~ o 3D AfERCIRER X 10°
BBAAMBDTED QIEEZRT 72D, JROWFSRDOYA 703 L%285ZWTEB. £
DIz arFA 74 FD FSR %, 100 ~ 1000 GHz TH 2 DIz LT, 7 vk~
T3 L©ERCIHIREED FSR X 8+ GHz & 745, GRS X, @EUHIE Z2h
e S W & > CREETERINS 720, WEERRHIEICIZRALH L. UL Uik
EDFFETIE, KEBERBEMIN TIZ X > TZ ORSE TR U 72 58 2Tl X v 7z fG Soe HiR
MEHOAHEMENREI N DB B,

1.3 SR A

JERE T L (optical frequency comb; OFC) &1, JEPEEUH - T% L\ JE R R
THAZE—REETH D, R LTI VI WS Rz L ONTH S, FEEHE
BIZ BT DRV (T L) RTH B Z S HAWBT L LT T WS P Theodor
Hénsch, John Hall @i Kl Z O il & K& % 0 SEHIE B iR O FE I L 2005 412
J =NV E B L TE D, BB L MRITIEE 2 EO TV A I TH 5.

SR D LD EBGEITEBIFAEL, TORKNLREDLE L TE— NEML —H 248
FAUTHASN AT LR T 5 HERH S 0, L—FIE e U TRAEWEED L —3 %%
- WIESES 2L DTES5F XY 7747 (Ti:Sapphire) BHFEI NI DL E—
REBAL =R E D, ZTORIBZTLET L, 1 v TFILE T L\ & HHER
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T7 ANV —FREFE Lo T VS,

JEI W 12 351 BB O A D A RS WOV ORI XA D K U frop £ ITIEHN,
ZOMETHEMEE 0 Hz FTHAELZBOA 72y MNiIEEEZF Yy ) T oRu—7% 7
Xy MEABE fooo SR, ZD70D m HEHD AR S IVKRD AR fou 1ZAFD & 512

KIND.
Jm :fceo+m'frep (1.3.1)

F 7z, SEANE T L% BRI CBIHIT 26 OV AF O R FERREIE, #0E UEEE frep
DM TERIND. HIRBOEDHEUIZ L > T, KOV ADEMERR & FOEI DD HE A
R B lz®, HrSNA—DBITNAE Ap BEEND. ZOMMHAE Ag lZF ¥V 7T UR
O — JRAH & R, PARO & 5 2B %727,

Jeeo = é;ﬁ?j}ep (1.3.2)

INsD 2 00N S THz #8IZFAET 20 TE\W LB EDY, MHz ~ GHz 3%
IZIFET B fropr foco BEBE U2 HHIAR 1 IRRITRT 2N TES. ZHIEHILDMHE
BREREEZAWS Z 8T, A 27 BiaE &OLRBBGEEE X1 L2 MZDRIF - llE %
BAGITEBRTEIENTES. ZOZEPOHEAPEBALIEIHDOEDI L EAINS.
KB T LD frop EEREICHEAEETH DD, foeo FEBNET S Z LIXTER.
feco DHNEIZHWTIE, NEWEE I L OWEEE 1 A2 2 =T IR, 2 IRGEHE %%
AXETE - MEBZIET 2 HCSRIE (F2f75) MICk W IET RN TE S,
2 EIRE DA DE— F (2fn) EEARRED 2n FHDOE—F (fon) OFHEPSE— |
125 (foeat) ZHLD Z LT fooo BB ENTE S,

fbeat = 2fn - f2n
— 2(nfrep + fceo) - (2nfrep + fceo)
. (1.3.3)



1.4 ~47wvakl

l Fourier
b — = 7 transformation
i ™ AV
i)
Elw) | I |
. 4
.fjr.r .-"-F-'F-d
il -
AT o v
AT LT T
L
- P i L

Fig.1.4. Consecutive pulses of the pulse train generated by a mode-locked laser and the

corresponding spectrum. (a) Optical pulse train. (b) A frequency comb spectrum.
[T. Udem, R. Holzwarth, and T. W. Hénsch, “Optical frequency metrology,” Nature,
416, 233 - 237, 2002

14 47034
1.4.1 BUNEHIRSSICK 2ERE T L

SERPE T ML, BUNEHREE RIS 2 2 E CTHERIE L FESFMET S 12, Z
N (continuous wave; CW) L —H 2 HLIRARICAS U, FEMEHFEN RO —FET
H BHVDRKES (fourwave mixing; FWM) ANESEMIZEC 2 Z Itk > T, V—HEE
UM RSO FSR M TR I ADRER I NS, ZOFHEIZE D EBI NS
JABE T L%, HH—a LX< 2134 (mictocomb) EIFENT WS, PLRIES I
2 ODRLDPEREDI % 3 RFERIPBEIZ AR UERIZ, NI A MY v ZHE/EHORER
L UTHTZBERDRLRD 200 (Y7 FVNRET A FIH) BELIELTHD. ¥
TFNHET A R IHS WOM R OHIRE—NTH L L &, HLIRGNTIZ 2 DDH
BELRARD SN, TNENDHEH GRS UTH Ry 7 FVe T4 KTk
AL B & WD HHN R BIRIZ & o THABEB A LDPRET D, & o THRUNEREG D



14 ~A47val

FSR YA 7B 3 LD frep ITIFEEAE—EL, 10 GHz ~ 1 GHz £\ 5 @0 DR U JE
W75, Figlb Zv 142703 L0&NTH 5.

‘ resonator | | ‘ | | ‘
P ( ) Nl I I I | La.
f
Four-wave mixing ‘ ‘
_ s ‘
t

Fig.1.5. Illustration of a microresonator-based optical frequency comb.
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1.42 HIRBICHITEDHK

KDL A DRI RIZE T B WBIRFEEZ AT MED I TH L. HIRIT,
HMT VXL % EEE SERDENIL > TRTAVRRLSD, ThiEpEIck-oTRE
LHRTH 5. NHERBOGE, DBUZ X > THIRAKE, FSR BPHOBERITIKET 5.
Z D3 EFBE ORI L > TIREZ NS MR L, BEOMIEIZHRT SHE D KD
2 BB T o s, HIRMEIRBUIMT R O M I wo ZHh e UL THLD A 724
NMZET p L UTHAD L E, w, ODRIRAABEIET 1 7 —REAICEOTDEL ST
FzInhs.

1 1
wu:wo+Dur+§Dﬂﬁ+6Dyﬁ+~- (1.4.1)

2T, Dy I3HEREED wo (BT BT — NREIFE, Dy X3RO E K. Fig.1.6.
BAHOHELZRITHTHS. Dy < 0DHEZIEFESH, Dy >0 DEGEERESIE
WS, BESTHD Dy >0 DHBEIEEEFEEL 2218 FSR IFAL 2D, HREW
B2z m< s, —HAEESE Dy < 0 DBE IS FREBD EWNIZE FSR I35,
TR, HIRAREBIZSERINEL 2 5. HIREBO S EE HIE T 5 72D TRl Z
T, BELHEEIBORGVPLE LIRS,



1.5 Wo&MEHR—Y I br

202/2n+ (1/2)02/2n+-~ (1/2)Def2m+~  2Du/2m+-
|

D1/23'[

f_2 f_1 fy f; 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. [S. Fujii, and T. Tanabe. “Dispersion engineering
and measurement of whispering gallery mode microresonator for Kerr frequency comb
generation,” Nanophotonics 9, 1087-1104 (2020).]

1.5 #&MEH—V Y bV

YU b (soliton) &IFx—f&MNZ, FERPEAHRERITHE S SV ZRDEHFDOZ & TH Y,
RIFMEDEZHIZ B W TE R, HEIRLETLZEL TS, FHIZ DIV AR DB
&, VU b rEENS. BUNEIEREE WY ) N U OBEIE, 2 B OAIHZE
i (self phase modulation; SPM) 230 &\, FIFLBRIZEEZ T -HHES LW
5 2 DD RN I LI L D EBEI NG L H O L 2 RO Y 7
MIBEEBE A SEBEIRICHIICTEL S, 20D, VU M VOBBIZIEE/MKEE 2512 E
FSR WA BEDRTCHEIMEN DD, F-IDEIBEMEEZMZTYV Y b EERK
I B7OIE, HIREEHRE R THEROA 2R TF 2 —= v OB RETH D
B4 ) b VAR, BIRERICE U TRY RORENPEREMOFETHE Z L
MWERIND., INS5OWHE TFFa—=V 7 OHEE2H7Z L, BUNEIHIRERNTER X
B~ 78 abEiusMs7—> Y b (dissipative Kerr soliton; DKS) & FES. #iifk
MA—Y ) b YDFEIZEY, BB CIRANREIRE S TWnS elenT,
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1.6 JtiEfs

S - FWM combs: Soliton
© (L < fto
\: | FSRJI — \ ,;5‘.3@\\}(\@6 {:p )
g % \ & S
g 1% @ﬁp
= Pump @ NRost %N
% _| Random phase No pulse
(1]
£ 1 Effectivey

; e

Pump laser wavelength (a.u.)

Fig.1.7. 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, 8 (2), 145- 152 (2013).]

1.6 JeEfE

JTHEHR 2 T OBREFICRHHAT 2 008E X, V=TT 71 NHOREE e L
TEFREIZHELUTE . 10X =%y FORMAIERIZE > TTF Y ZIUEDEREL .
BUETIIRR % RBEBRDI R Y DT — 212035 THE D, HHREFIFAL DAEFICA AR E
IRolz, MBEITHNSNT 7 A NITIHMEESK, BRI, #TXe9w», Mifg, BE, MR
Brwotflrd s, ZO-ONBECIIEE#AREOEREZ SHEIEXRTEDL L
Wo 72RED D 5.

HREIZIERELS DT T2O0ADH 5. FREZLH - ERMIE (intensity modulation-
direct detection; IM-DD) /5= 6D IR (2 MG % e, T OME & EERIET 2 HAT
b5, VU TNVREERAFRTHZ7-2DEI A N TOHRIEAAREL 220, @V EHEME 2K
BIE &\ o 72 R0 . G S TIRMRE AT REEREE A IR E 5 728, 1000  km %
BAD &S BREMOMERIHEHAINDG Z 23D 0A, (RIXIEHED 40 ~ 120 km TH
57—V RETHAETHANHINSIHEERBEHAATHS. T —XL2 Yy XOHGHK
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WXESBEBILRDBTFRI N, IS FEH M OB, Gl DML W 72k
WDBEIRD SN 5B.

HREOT—F I -—ThiGREADHER

EFz0-2-2-6 — %3
BRUFHE (hTURIT)
({8 1 )L)
450 .
+ o HIfE 393.1
400 ! 363.7
350 ; 338.8 7505
3136 791
300 285.6 ' 67
256.4 60.2| ! 629
250 | 9053 232.8 s 554 L 532 55
200 A7.0 i e : aclc| {320
418 = [l Zaa) | (8010 2
150 330 ' 680 i
—— |s5ag| |G i be6| |16
100 4201 : o057 7 {623 -
422 465 - :
50 [ 2241 ' :
o | 222 | [508] | [sed] [eas| | 2 oS 12 S
2016 2017 2018 2019 2020 2021 2022 2023
Bl 750K ICTH—FA 352« FTIIINATT
B COM =BIivy—7F51%
[ &Rt
Fig. 1.8. Global Data Center Market Size Trends and
Forecasts. [4 #0 3 O MO O® & F A F (s % &)

(https://www.soumu.go.jp/johotsusintokei/whitepaper/ja/r03/pdf/index.html)]

2OHDHEATHDa—L Y AR, BRELFDOALS S, LTI KO E R
NMHZMHATZ2ICE>T, IRWICKBEDEEEZITO HAATH . 4 MRS LEH
(quadrature Phase Shift Keying; QPSK) A A TlX, 2 K510 4 tHAHRESE ZLHHE S %
AR ICARIE S 5. A A7 FE H i 22 5 (quadrature amplitude modulation ; QAM) /=
TlE, RIFEEAMHOMGIZERZEBETCWS., BEDIL—L Y MNEETIE, &ESK
3% A/D BHEBRIZE > TT YV RIVAGEE! ’wfﬁb TV RNV EEIT X 0 AT S
SEBIR N RIE L, TOEDIZREBEEN AL Lo TWD U FYXIVESEEI
DSP(degital signal processor) W TIE SAMEHEE, RIEMHE, HKROBMMESEZITS L
TT—REEMIZERT A Z e AfEe 5. —HTRVER LD, HEEHNPIA L
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mFET 5.

7, 12DNT7 7 A NIZ& > TRABRDREZIT D LDDEEALEMEFIET 5. K
43 #1% &E (time division multiplexing; TDM) TR B XA LAY N TEERDES %21
£T 5L EEMTH S, WENEHZLE (wavelength division multiplexing; WDM) 1%
F ¥ 1T EAHE D FAREBICETL TEBOES 2 EX T 2L EEMTH O, BifEtm
FeXEHEoZEAHE M LTHWSNT WS, Z0OMtl, @Eoa72E O LF a7
7 7 AN % AW 523 E|ZE (space division multiplexing; SDM) DOHff%% H i 4E D
LNTEH 8, ZEEMZE > TREBNBE S AT LIRREZHR T TVWAS.

ek D WDM {ZiE TIEF ¥ FIVE & R UEER7Z T ORFEPBE L 72508, T OHEE
XA ALIE > TRATHEMAPREINTWS. ¥ 2713 L0D&3 AKR%E WDM
ERIZBFE2F v )T ULTHWS O, HEEOHIECRD/NIULBHFEE NS,

HAFHIZETIE, BAETIE ML 2% F a2 =Y v I XX =2 a b WIZ X BEETH - 7273,
EARIFHGERMET — Y U b R HWZEEIRAREI M Thh TW5. R REM{E% 28T
L7zae—L Y P AR LB RBBLEEDBAICREI N TS RO g —L Y
NI BEEISHATIE, YVavFrA b1 FRERE»CD 2 DDA 70l %
U, 50 GHz O F vV 7REIfRICE#T 5 Z & TR 55 Thit/s &\ 5 I ITKAERRMBIA
EREEEHTLa—L Y MEFLEIHEINTVS 22,
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WDM receiver

DM receiver
55.0 Thit s~

| .J.L..J.LLLL. WDM transmitter

Power (dBm)

Resolution bandwidth, 0.05 nm

-

|-100 GHz

188.4 188.8 189.2
Frequency (THz)
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| |50 GHz " T ]
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Fig.1.9. Data transmission using microresonator dissipative Kerr-soliton combs for
massively parallel WDM. (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 combsat 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 546(7657), 274 - 279 (2017).]
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Fig.1.10. To generate a soliton crystal, a laser is slowly tuned from the red side of a
resonance to a pre-set wavelength. a A primary comb (Turing pattern) is initially gener-
ated as the laser is tuned into resonance with the ring. b Spectrum of the soliton crystal
oscillation state used for experiments. The state had a characteristic ‘scalloped’ micro-
comb spectrum, corresponding to the single temporal defect crystal state illustrated over
the ring. At the pre-set wavelength, a soliton crystal forms, with spectral features based
around the primary comb lines. The state that we use provides comb lines over most of
the optical communications C-band. ¢ Soliton crystal comb line power difference for 10
independent crystal generation instances (different symbols indicate distinct generation
instances). Comb line powers remain within X=X 0.9 X dB of the initial spectrum,
indicating reliable generation of the desired soliton crystal state. [B. Corcoran, M. Tan,
X. Xu, A. Boes, J. Wu, T. Nguyen,S. Chu,B. Little, R. Morandotti,A. Mitchell and
D. Moss, “Ultra-dense optical data transmission over standard fibre with a single chip
source,” Nature communications 11, 2568 (2020).]
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LB RARZERMMEEZHEZ LTWS. UL LD S BEHMICNT 2 EHEITE
FHEEEE D RARALIZIT TRV, hHEHERICH 25T — XX Tk, 5B 1H
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% TRE, WICHUNEI RS OB 2 U113 2 TR, 8IS U1 & 47z & & o 1 % BT B
2T 5 TLRETHS. HiRMHD FSR I UMBOHIRER THNWEZ DY 1 Xz k> TRE
INd. AR TITEEEORENHNLEBEEZITOI L 2HNE TS0, FSR # 10
GHz (B : 6.9 mm) O~ 703 L0OFAETZE Q EARM/NEIREE2FHT L2
ZHREY U,

211 #E&
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Fig.2.1. \{Z/R"3. IR OERIKITT U OB ERETH 5 z-cut D7 vk 727 A
fE & LHREROMRHZHH U7z, 7ok~ 227 A6 IFER 10 mm , EX 2 mm,
iR % 8 72 O I UM ER 2.3 mm DB ?ﬂﬂIﬁ’ﬁE{éﬂf:%O)’Eﬁﬁﬁ L7z, IRD
TRIOAEY FLVERWS D, BHIOTERIZAY Y FVICHAT 2 EH REE 7 vik~
TV LEROEET 5. BEREIZER 4 mm, £ 60 mm THH, ZOLH 2 mm
ZEZA23mm IZMLINZ02MHUZ. BEICITMEDOE W UV MH{bH] 2 fiH
5. UV B LA 2 B0 RICBAE L, 7 vl 227 LR O 2 BB IZIEOA
. ZORUHIOEETEHWA XA VYEY RR=NA—DPEKHELET L L 2<%
DI, 7 vAib< 7 3T MG ERAHE O B ICEE R < UV BRI THN—L, UV Bt
HINZ UV 74 b%& 5 REERNT S Z & Tk 7.
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2.1 7 vibx 72 vy LRSS O/

Fig.2.1. (a)Magnesium fluoride crystal. (b)Brass rod.

2.1.2 4l

RIEIZ 7 v 72D MGG 2YEIT % Z & T, BUNE R OB 2 KT 5 T
BThs. UHIEXEDERE% Fig.2.2. (TR, BIHTES LZERBIZZT ALY Y NLIZ
AL, EETSE. TT7TAEY NV TEERRIEZ 7 v 727 LARERIZX AV E
VRR=R=FBYUTHITIBZEIZEOMITT S, 7vib~ s x>0 afEiENz2@EINZ
5 EfBIZRET S, HREFOEWIKIZRED H 256 IENIIER S v, [HE
WAEENBE LD, BEDEOREHIIEE LA YEY FR=N—2 R H LY Thn
SAULT D7 vk~ T2 Ty LAEREUIEIT 5. EEEK L R A ETE, BETHAE—ROD
BaEMMAD7-DITBA LR LI EITD. F72UH TRIZ X o THUNELIRER O
B E 5728, RO FSR ICEMET 2% L x5, HIRBEHOEHEL L5 ERE
6.9 mm fEE LD LS EXEMRA UL SEEEITo -,

UIEIEZESE TRIZIFEIENZ K > T 7 vk 272 V0 LSRR ORI FHLE T 5720, Wi
DIRTHNETEI DRV IERETOILENDD. 7 vk~ 32w AfERORNE
HEAMRIET R ) — V2 HWTHREZIT> TR OMBIZES.
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Fig.2.2. Grinding process.

2.1.3 HE

XA ¥EY NR=N—TYHI I N7 £ £ OEEEIRAE TIIEPERE TRV Z 574
W28, B AIEST S TREPIBRE LIRS, XA VYEY RR=ZAM2WEAELTL Y
ATA4vYallMNEIEEZEDE 7 b T 2V T LGSR OBERIEHI2H TS Z & TH
BEITS. XA VEY RR—ZA MIKEDORLS 4T (3 um, 1 pm, 0.5 pum, 0.25 pm)
ZRFOHNE DD SIMEIZMH L. Fig.2.3(a) IXWEEZICHAL BRI TH S, X
AVEYRR=ANMIZENZEN, 30 7, 4547, 60 43, 70 7 DR % A THlH UER
BOMEEZITS., RAVYEY RR—ZA MO EEREFET HBIZIE, 7 vk~ 2T Lk
BT TR ) =V EHOWTHEE L THNE L TWA XA YEY RR—ZAMEEEL, T3
VY AT 4y YaRILFRORZHEEITS. MBEBROBIELZ T vib~ 7 x> LMt
B8 D'5E % Fig.2.3.(b) 1279

Bz BV T OEREME, REOHWE S YEY X=X N TOMEIZE < DR % »
7256, BIRESS 2L WBIRICEZATLES 28 THD. EREOMMAVWE A Y E
Y RR—ZA ML AWML, ENLETOMEBERIA 2 2EGEWK oRfZ2ITTH, VY
FUDFHEET D ETHIRERD Q HEED D Z DL .

RS2 AT BT, =X )=V 2RLULEZV VAT yYazHWTI ) —=v T
T Z 2L oT, RAFDIEZ D R EDHIERD Q HZ2EAIELHENLEREED
WO ZENTES. U ULIRSBEEISPEEIFERBET S L, VY N VOFRERD
et T HI DL RBHEENEL ., ZHIFEIERD Q EAME T L Z &2
KTHY, 2 7rABEIZ 025 um DXAYEY RR—AMNTHEHIET S Z2I12E->T Q
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2.2 BUNERER DA

ERBEI N, MERS VY N UREIZT b~ 732y AfER RS2 FHHT 5 Z 228
HRE L I 7.

Fig.2.3. (a)Diamond paste. (b)Fabricated magnesium fluoride resonator.

2.2 UNSEHIRES DR
221 QIEDIE:m

Q fE&ZIE, —MMNITIREIRDIREREZ R THATETH L. Q MHOEWIRERIZL
DIFXNF—DRHBKREL, Q HOEWIRE TIIRIAR K< 2L &0d. SR
MBS QEOERIE, HIRBMIIEZAOSNDI T XN F— L HIRBNPSBRT ST 2V
F—ltkoTHRINB.

Energy stored (J)

Q = 21 x (2.2.1)

Energy loss per cycle (J)
Q HD T ITNENIICHLIAD L ME 2KT. T DLOILIRBPE v, &NTHaw 7,
EHWS &, QHIZ,

Q =27y, (2.2.2)
LERING. HIREEFHF @I ILRRIE K EFT 2 ZEBPMonTwWE. 2D, I
AT bVOEELRE (full width at half maximum; FWHM) Av 2 HW T FO R
TERINS.

Uy

QOCAI/

(2.2.3)
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2.2.2 HFFFMEDOHE
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THARE— MIZH U TR 2170, HRGOERART MV 2IRT 5.
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Fig.2.4. Result of transmission spectrum.

Q EAMERNGEIZT 1 v T OHIRIRIEITHE T RERIAEAH D, un—L YEIZLD
TAVTAVITTEILILE->T QiR RDBZENTES. Fig.2.4. 1Z Q DKWL
REY >V TNVDEBART NV THD. ZThrEAVWTa—L Y74y T4V T %07
fEE%Z Fig.2.5. IZRT. ZDE—RD QI 2.37 x 107 L HlE X 7.

; _
725
520 Q = 2.37e+07, FWHM = 8.15¢+0B(Hz)
£ 45 i
g 1 1
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Time (ms)

Fig.2.5. Result of measurement of Q factor by Lorenzian fitting.

UL ZDHER Q EXAEWGGITIFLRIRE ISR E 25720, Ezo—L v
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2.2 BUNERER DA

V74v?477%ﬁ5:tﬁ?%&<té Q A 10% DBEZMADE Q %
ROTZWGEIZIE, AR —-TE2HWCTHREEROE&EEE2IET5. ZoL &
VIR (rmg—down) CIEEN D THMRABEN I NS, LIRS S DA RN
HZ2BHTEILIZLONTFHEME2EL LI >TQHEDORIERITIZENTE S,
Fig.2.6. 13V v 7 Xz k28 %4722y b T v 7 ThH 5. FERL —H (Santec
TSL-710) Z FH\WT, &&: 1,550 nm, /87 —: 0 dBm Ot % i Hkag DI A 13
5. 774REI Y b —7 (fiber polarization controller; FPC) 4% & LR 12 %
ANTEENRNZ T2 2 HME LT L2, SR IHIRED 5 03B % 32
U, AV BRAa—-FI2 ko TE@RZBWT 5. 77> 27¥aryYzxb—2X& (function
generator; FG, nf; WF1946) 7> 5 JEJ#: 20 Hz, BIE: 25 VOI v TEE5%2 AT 52
T, V=Y ORI 2{ToTW\5.

Mgk,

CW|—2.|FPC - PWM

Fig.2.6. Setup of Q factor measurement. CW; continuous wave. FPC; fiber polar-
ization controller. PWM; optical power mete. FG; function generator. MZI; Mach -

Zehnder interferometer. OSC; oscilloscope.

ER U727 vk~ 72 20 LGSRSO Q HHED /-, V7R ViEizk > T
T4y T4y UERE Fig2.7. \omRd. FHEERIZQ =1.85x 107 27457z,
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Fig.2.7. Result of measurement of Q factor by ring down method.
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3.1 BUgEMA—YVY MU ODIER

EOBRSU T 2 FEBOISE TFEA P (2 &) RBIZ 0, KEHRE E 45

INEWIGE, IROATRIND.
P = ¢\ E (3.1.1)

ZZTe XEZROFER, y IIHEOEREZRKTH 5.
UL L =D LS REMEDNZ L THGHAEITIE, WEITETH U TIEREIRE 2R
. 20 ZDEMEHEEZELELSNMP 2ER E I22WT Taylor JEFT 5.

P=e(xXVE+xPE2+ O E +...) (3.1.2)

HEDFREDNIINE E X 2 REABEDQHIZEMR T L Z W TE, DML AL e
TELH, BENREIVE S 2RUBEOIHIZMEA ST D Z LTS, OBIXEFUT LG
5L FZA5M HBENREVEEITIE 2 RUBOHIZMHETCE < hsZ&izky,
MIEHZERNRIZ L BBRPBI TN D, 3 DO EBULS % R DA BE A IZHEEL T
&, HEHBIRATHERAL6ND

E(z,t) = Eetlkiz—wt) o g eilkez—wat) 4 popilksz—wst) (3.1.3)
£oT, SIROIEMEAIIIIKD XS IZRT I LA TE 5.
PP (2,1) =Y Pup(wy)elthnament (3.1.4)
ZDOARNS 3 IRIEFFE N ZRRIZHASI NG, w, = wi, we, wg THAX SNB HWEZENK
ATDENI—EERT LIRS, ZOL EDIEEO/MITRD XS IcRKIND.
Pap(wn = wi)e™* = egx 3 (B3ELE} + 6EE} 4+ 6E,,E},)Epel 2 (3.1.5)

AN OE 1 HIZHBOBEBRBEIL L > TEAI NS 72O H N AHZF (self phase
modulation; SPM) &IFIEN S, £7z, FEIMADHE 2 HIZMOSEDEFEEIT & - TEH
INTWB 7O AAMAZFH (cross phase moduation; XPM) LIFIEN 5. K& I %2
W2 L JETROZITIRD LS IZRINS.

n(I) =ng + nal (3.1.6)
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3.1 BoEMA—V ) oM

LIENHRE, ne WP RITREMIETNIYMEERROMHETHSD. ZORK D YWEDHHTH
PEDREIZHHIL TEAT B V00 b. ThaEHH—5R LIS,

3MIEMIL LN FRIZ L BBILD 1 DICIWEHEIES (four wave mixing; FWM) A3
H5. £z, WHERSIZIEIMERMAEKRES (degenerate FWM) & g iR ML RIE S
(non-degenerate FWM) D 2 H¥HA H 5. MHRIUEHKIESG X 1 DD EEHL» S 2 DD 5
85 P DNDFEEL, R THDORBEHIHGHEL T 5. FEGRIDGHIES Tl 4
BDREAWEERED 2 ODONMNS I SITERD 2 DORABEBOENFAET S, VKRS D
FEIIZA T ORGSR 2T I PR ETH S,

Pxr(wn = wi — Wi + wp )e*n® = 6eox D) By B B, et ke —Fitkm)z (3.1.7)
Pny(wn, = 2wy, — wl)eik"z = 360X(3)E,§El*ei(2k’°_kl)z (3.1.8)

PUSEIR & DU HRER N CHAGRNIC R AET 2 2 Ik v 7 na i3 EHE 1
5. ZTD®H, XA 783 LOFEITIIIERE A E R Z B 58 DR\ I A%
Wb, WHKEGICLE > TYI 703 LBREIN2EF%2KTE%E Fig.3.1. IZRT.
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Q)] FWM
Deg. Non:deg.

~e~ 1T
q

) (2)

Optical power

l -
”~

Optical frequency

Fig.3.1. Ilustration 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, 8, 375
- 380, 2014]

WUNERER 2 W2V U b I, BUNEIHREN T 7 A AT oo e B 2L
AT X B 7OV AEMERHIDES Z itk D EEHEI NS, V) b VIRE#HEHRL T
LHE, BPRAREI NS, 77400V Y MU, EREY 2L T 0 v —HRERA
(nonlinear Schrodinger equation; NLSE) iIZ k> THEI NS, ¥4 2703 LDXA F
I AR, FGERT AT —, BEERT Q H, Sk, FEIERAFEDRD 4D
DERNPO4D. BN —V ) b, B 2L T o Y —FHRRIT AT — &
TFa—=V I DHE%MAT Lugiato-Lefever /ifEX (LLE) (2 &k bk 5 24, B
T L & 1v7z Lugiat-Lefever G2z d 9 5.

oE(p,t) 1 _ O°E

a2l am

kNP
hwo

— jglEIPE = — (g Iy 5w) E+ (3.1.9)
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ZZT ¢ R v IEIREED A, fw T Fa—=v 2, F OB REREO Sy T
DY T ENEBTRINF—DORELIZEHTH S, ZOI G ARADRIIFG L BELES
ZWGEIZDALRTEIENTE, TFa=—V7RELRD. ZODERMEY —
VUMY ERERT D720101F, HERGVEESBREEEZ RS, B2 TEBEO LR E R
ORI THEZ BB EEL S,

HORMEA —V ) by R ERT BZBICTIER Y TR R EM (blue detuned) 72 5 B &
il (red detuned) ([ZIKEFRRTI 2175 . By THEPHIRITA D LIWHKIEAIZ IO HIOD S
HIE A LEDPBAFET D, RIZENFND I LT K > TIEREAD R b, ik
DHNERNT — ISR LZEIIRRE L 705 . WRFEHI PR 7 F ORKRIEE TET S
&, VI MUYPEEING., HIRGHNICEET 20V AU IS U TEEEN AT v
f%"%?é’t#%’@&% VI NVATYy TEREND. VAN 1 HD A

Bl IV by, BEEETAHEELVFYY b EENS, VY bR
TV7@§®ﬂﬁi7/ﬁA=&iém5.F%&Z@Gﬂiﬂ¢%ﬂﬁ%:%%ﬁﬁb
ZBEDEBETH L. MINRAT Yy TOREHRTHI LN TES. (b) BWEAT YT
DNETDRARTZ VT LATHY, X IRV TNV ) by EENSIREDIEARS b
TLTHD. (o) FENETND RF ¥— MgH%2RT.
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Fig.3.2. (a) Transmission observed when scanning a laser over a resonance of a high-Q
Kerr-nonlinear MgF2 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 IIT exhibit a high-noise RF beat signal. (¢) Down-mixed RF beat signal. [ 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, 8,
145-152 (2014).

32 #@EMEH—VY) hMrORE

HORtEA —V ) S Vv OREROLENETD, FEBR% Fig.3.3. ITRT.
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Fig.3.3. Experimental setup of generating and stabilizing a dissipative Kerr soliton
EOM; electro-optic phase modulator. EDFA; erbium-doped fiber amplifier. BPF; optical
band-pass filter. VOA; valuable optical attenuator. ESA; electrical spectrum analyzer.
TIA; transimpedance amplifier. SG; signal generator. LPF; electrical low-pass filter.

R YEIR I IR 1,550 nm, /X7 — 10.6 dBm ® 7 7 A /N —# (Koheras BASIK
E15) Z Wz, TOLV—YRIEFART FIVEIED RN O ZEWEDRENZ &2, @Vt
HhThdrZ e, NEBIZETYVETZ2HERHL, H om BEOINPELE S I L 2 HEER
BINAREE 2B 2 MO 2DV —HF2NFITMHH L2, WEREI DD, ¥—KRKy 72X
(Vescent D2-125) 7520 Hz T, 0~ 5V O T ¥ FHEHINT 5.

R TF N RE L T 3720, HUNEIIRERIOEZ AR T 20TV E Y ARINT 7 4
NYEIEERR (erbium-doped fiber amplifier; EDFA, Pritel LNHP-PMFA-30-10) % FH\»
T 28 ~ 30 dBm £ TANKD AT — 2S¢ 5. EDFA OERKIZH HHNY FNA
7 4 )V & (optical band-pass filter; BPF) i%, EDFA Oz & D ¥4 9 2% BEiE B R K
Hi3% (amplified spontaneous emission; ASE) % 2% d 2 HTHIEA 1 nm @ K
INYRNAT 4 VR LTz, A2 TSN D ASE M & b il e L — 3
RiZEbE 5 Z & Tl L 7=,

WUNEIIRER L BB DFRES HIEICIET =T 7 A NEHONTWS., T—1T 74N\
WXEREH T 5 Z 12 & o T, A U THEmANS WAREZ LZBIROET 74
NDZEThHD. RFZETIE, €7 Iv27e—R%2HAVTIMELURESNT 71 N\ EE
U AT =V %2 EANCEES S, BISEIET I 2k > TER U 2. B & LR O
TOREESITER LSRN T T ARy Y MRIZE > Tirbh, T—2X7 74 2N AL
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52 LT, [BiREEREFREGHEIEZDLRTINEDLD 5.

WUNEHIRETY U MU EL BRI, 7747 Iv 77V —F 17 (fiber
Bragg grating; FBG, Alnair Labs WTF-200) IZ AU, LV —HF DA %E KL T
BEIE, BOOLILREZEBIES. ML —VFHEBEBLEZYY) bridzhZTh
T NTATIRTEZAL, VI NVATY T2BHT 572040 20— THEEE
ZR—=UTz. FBRUZY ) SVIREEERO 7+ T4 T X EAWTERE, BRA
R NI LT FF4Y (electrical spectrum analyzer; ESA, Advantest R3273) 12 AJJ
T5ZLTE— MEBEHEL, EfER fiop = FSR 2T 5.

RIZHy TV TOBIEIZDOWTHAT 5. BUNERIRERDO A Y TV V71V ) b U
HIZE o TEHERBERE LS., T—RNT7 74 DKE, EEME, EETH2AEL2L2/LX
TEILI&oT, Iy TV ITDORBIIENT S, £TT7 1T 71 NDOKI %%
U, A¥B2a—=7F LTV Y M VATY T2HRTS. VI MV ATy X, EERIIO
AETOTWIRPIZY Y P UPFHELTWZRHZRLTWS. ZDEOTFFa—=V
JaEEARAREIDV ) VAT Yy TRRBREER S, T—NRT7 7 A NOFEEMNE, G
A, FPCIZE > TREZRAETLZZLIZE-T, VIV N VATYy TREIZMIET.
Ky TN TNET =T 7 ANDOKECAEDEDI B L > TEET 5720, JEF
THEERBEERTS ZeAEZE L LS. Figldd (IZAY O R a—-TTEREEEE=X—
U, VUMV ATY T2EHUEZBOAZ) =2 ay h&ERT.
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RTEZ004; 1332 1005K04; 904800 (02,000 204T-11-21)
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s aREE Bl B O e i SR — R . 3 32 MS&;S 2838 ms b e [

Pump

Comb

Error signal

20 vy

Fig.3.4. Screen shot of soliton step.

BEREIOATIIEPRRFEUNY Y N UDPFETERY. ZDHY ) M2 FHT
L7012, WERSIFEITTREL, TFa—=v2r2BEELTYY b rORENE T
ST LMNBELLRD. AFEBRIZBVWTE, V-VOREKE 7 7 7Y — - Xuo—ILRHEOD
HiRizay 79 254 TdH % Pound - Drever - Hall F &L E(bik ® 2H W7z,
T, BRNAFLFE (electro-optic modulator; EOM, Photline; MXAN-LN) T, {5
S¥4E9 (signal generator; SG, Hewlett Packrd; E4421B)) o EBXEFH5E2HMT 5 Z
LT, L=YROTA RNV R2ET 5. MNERIRBAARNE T 7 A NNT T 70
V=T 4 VIl ko TRPINNE, 74 8T AT I7REPNTI VAL VE=X VA -
7 ¥ 7 (transimpedance amplifier; TIA) IZ & > TR EHIFEEZ L-&IC, BRIFY
(Mini-circuits; ZP-3+) 24t LT EOM NAN T 5 ELRETLOMPHIING. 2D
o DREIRAE S 5 KE 8T —DEFBUZT T 221 E O NS, TDHE—INA
7 14 )V & (low-pass filter; LPF, Mini-circuits; BLP-1.9+) 12 & > TRJEHE S 2 LD H
U, V=R RY ZANANTEILTTI = RNV IR L > TCTFa—=V 7 DEE
NV —V2ERIZOY I7TEINTE S,
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Fig.3.5. Soliton. (a): Optical spectrum. (b): RF spectrum.

Fig.3.5. 1355 2 SO/ L - RSB 2 FHWTHAEIEAEY ) PV DOHRARY ML EES
ARY MIVTHD. Ky TiEE 1550.2340 nm, HIRIZADASEART— 07T W, 5
FEE B AP R F N ZE N 6.9 MHz, -0.60 dBm DF4ETY Y b v FAEEITST
W3,

BRARY PILOFERMS, V) oD FSR 289.603 GHz TH 5 Z A9 h 5. FSR
DS 7 vk 722U LGRSO ERIE, #7.185 mm L HHINB, HF2ET
DR OB ERIL, FSR 2% 10 GHz (E£ : 6.9 mm) O A 270 ALFETH 572,
ZDZ e HEE T T vk~ R v 0 LIRS 3.97 % OKEE CIER T E 72,

0 100 200 300 400 500
Time (ps)

Fig.3.6. Soliton pulse.
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Fig.3.6. 3FELZV VY MY AL BIAEEBR T A VT4 T2 X TRk, o707
A B ZA3—7 (Agilent; 86100A) AN UE=X—U7MRTHD. ZOMPSFEL
7=V 0 Ny a LD TSV AF o T WA EWERTE 5.
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AFEIZBWTIE, EEEROGEEREE L TT AKX =2 SR ROPIEZ2FT -
7. RBEOJGEEY AT LTI, B4 1) & 0] ORX—VDEEEEET . L
BAGENRR =V OWRISEZERTERLEZHDE T A RX =V IR, BllE 5 BIK
PAHOHDO XS5 EELTWAEZENRZDOLHOMKTHS. A¥uAa—=FICHET
LISV AFNEASIL, MIFIZRAIVINVAZANTEIETTANRR =2 ET
5ZLMNTES. NRZ TiE M) IZHHYT 2L E XML A0y V2R TEHWEE, 0] 12
MYST 5 e SBMVETLELRS. HEPDIGEITERERIIAWETANR—VEFLIL
ETERV. TANR— VOt S MG OREZ BT 5 Z LN TE, Ml o KeEm
S EOHBEBFLIELMNTES. Figd 1. 127 74N —=F D% 10 Gbit/s TEHL
BRD T A NR =V BRT.

Bit period

-.3-_5,:1 1 level

e TP, X e W o et
U | s, By SHTBRE " e e L VR LN
I 49.2 mv/div 20 ps/div

Fig.4.1. Eye-pattern.

RF53 0 % (bit error rate/ratio; BER) I3Zk L7227 —XII L, ZELET—X
IZEDREBROPEEINTVWE 02 RTHEETH Y, HIAVNSWVIEZEEEMEREPEWI &
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ZEES 5. BER 3% T—HEZES, ZHANNT—2EL<TEHE 012> TR
T5. AIFEIZBWTBER 1072 2 FE2 &I -7 ) —(ZkAGETH D LT 5%
e U, 774NV —Y2EHFLEED BER O J 7 % Figd.2. ITRT.
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0 | TGbit/s |
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Fig.4.2. An example of bit error rate.

42 BORMA—YVY) MO OLERICE T BEEEMN

421 JLWREEDRAERE

RETEHICREINTWVWAEAY Y a0 LTI AEEREORIEIZHWEZE
Br% Figd3. 1R d. 2B CERLEZT7 b2 vy ok itiRsz28HL, 63
HEIZFWUZRIZE o TRELDZEAZIT 7274 270 3L ZBEEIZHW.
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Clock sync

VOA Receiver

Microresonalor LE pr;\r

r = ==1EDFA1 FBG VBPF EDFA2 FPC
A

Fig.4.3. Illustration of experimental setup for soliton microcomb transmission. [S. Fu-
jii, S. Tanaka, T. Ohtsuka, S. Kogure, K. Wada, H. Kumazaki,S. Tasaka, Y. Hashimoto,
Y. Kobayashi, T. Araki, K. Furusawa, N. Sekine, S. Kawanishi, and T. Tanabe, “Dissi-
pative Kerr soliton microcombs for FEC-free optical communications over 100 channels”
Optics Express Vol. 30, Issue 2, 1351-1364 (2022).]

AR FIEL, I LMOYUO ML, 28, B, 2 TH5. VU hriERELRER
W7 7AN=TI9 77— 4 72 HVTHIEL —YHEID B3, RIZANY RS8R
7 4 )V & (Alnair Labs; CVF-300CL) % I\ T 0.080 nm D#HI5IE T I Af—ARZ LD
HU, Z2hz2Fy U7 UTCHHT A, JLE2HIEER, NLVARX—-—VY XL —X
(pulse pattern generator; PPG, Anritsu; MP1761C) %*& 10 Gbit/s OZFAE 5 % FIN
UZ-BREATIIIZ L > T, ILMELTT S, 7277 UREL TS IR 2 D720,
ZHENZ 7 7 A M@K Y b —J 2K o THIEL 72 2 AR DR 2T > TWwa. £
I N3 LR EBEL, 40 km OES 7 N 7 7 A 2\ (dispersion shift fiber;DSF) %
BT 5. [EEBIE N T VY= NTRAEIN, KELE R E T 2RIV T v T4 vn
AA—TE LT —F 477X (Anritsu; MP1762C) Tkl z2IE ST 5. 7Y v
THAYBAI=TTETA N =V EREL, TI7—7T 172 XTBERZH{ET 5.

BER O#IE T, 3269 5 EFNZ T2 (variable optical attenuator; VOA,0Z
optics; DA-100-SCU-1550-8/125-P-50) Z W TEZHXNT -2 23 E5. 2O ED
Y87 —& BER 2HIE$ 5 Z 22k b BER 2kl z BET 5.

E72 40 km DREZIT T RS, E£T5F v ) 72 EEZNEL THIE T % Back-to-
back TOEREHIT>TWN5.

422 JLREEDAERER

VU R D3 LRIE T AR REORER R %2 Fig.d4.4. ITRT.
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—@— 1540.04 nm
(a) (b) —Q@— 1548.06 nm
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10° —@— 1560.05 nm

—&— CW reference

Bit error rate

Bit error rate

1
1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

=30 -20 -10
Received power (dBm)

Fig.4.4. (a)Bit error rate spectrum of a total of 386 lines covering the C-band, of which
145 lines exhibit error-free operation. The low BER lines in the vicinity of the pump
are attributed to ASE noise caused by an EDFA (b)Bit error rate versus received power
for four selected comb lines and a CW reference at 10 Gbit/s. [S. Fujii, S. Tanaka, T.
Ohtsuka, S. Kogure, K. Wada, H. Kumazaki,S. Tasaka, Y. Hashimoto, Y. Kobayashi, T
Araki, K. Furusawa, N. Sekine, S. Kawanishi, and T. Tanabe, “Dissipative Kerr soliton
microcombs for FEC-free optical communications over 100 channels” Optics Express
Vol. 30, Issue 2, 1351-1364 (2022).]

B (b) IZ#ERLZF ¥ 2D BER Z2/RULZEDTHD. 2 200ALTA YV
(1548.06nm & 1552.06nm) 1FTTF—7 YV —{EZEZRLTWEA, fiid 3 L%kD BER I
TEDHNT =GN DICT T — T ) —ZZRTHIENTETVARY, KD (a) 1 C
NY R BER Z2/RU7ZH5DTHD. Al 140 F ¥ VT TITI—7 Y —hEHI N
TWabZehbnrd, ZOREIE, IM-DD FATH->TH WDM {mkIZ K-> T, K
1.45Thit/s DB RAR(ZLE FHTE L AHEELRO SN TWE I L E2RT,

43 BEMEN—V ) MUICEBRRDBSEBEER
431 BRADNSEBEOHNESE

I LD RS R D S, FRUZT7 v 2 Y ARERIIREBIC L > THRES
B2V ) AL WDM EEDF Y VT e UTIHTA2Z N TE SN RI N
7o, TOdRIFT 7 A NITEROERZRET S, VY bralhzHwz WDM {xi%
DHEEIZKE S, —H e WDM (£ T, RIKEZZHF L8, 7 U1 BRI T
(Arrayed waveguide gratings; AWG) %%z W THKER T ZHEKL, 1 KOXT 741
NTIEEEITS . KR TIE AWG PHZERHEE UTRITTWA 720, 3 AR E2ZH#HT
%151 T WDM X DSEFEZ 1T 5. Fig.d.5. I LU 72 EBR %2 RS
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F72 40 km DEEZ T TIEIRL, BETEF v 7 2EEZEL THIET % Back-to-
back TOEERHLITH>TW5.

Tx
Pump Al
(FO[ PDH} . Frequency
1 EDFA : EDFA
Soliton . 99 Il:ﬂ |> ((( )
1 FPC 40km
OSA
Rx
A0km 99 99 i
| VATT BPF Transn_::ew_er v~ =~ | Error detector
1 OE aircuit |-,
Pl - ] \
Il OSA . .
e . [pwM Sampling oscilloscope
- 'Freque';lcy

Fig.4.5. Ilustration of experimental Tx and Rx setup.

SO WDM {ZEEBROFIMIE, 28, (2%, 2 A0 L, ZHensd. b
MROEEFEBRIZB VT O L2362 LWL, BE%2To72. L LSRIOFER
TIHRELAHFHBZMHEAL, VY b refkz LT 5. ITEFA LYY % 40
km 7 7 A NMEEE TS, AREBIINY RASAT 0 VR EZHWTY O U3 L6 % 32
U, Yo7V o 4AoaAa—=7TET7ANNE—=V%, T5—514 727 XTld BER 21
39 5%.

432 RESESEEEER (FSR 9.6GHz)

ARIETIE, F2ECTERLUZT7 vk~ 7 %0 LGRS 2 W T Back-to-back T
DEBEIT--FERERT.
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Fig.4.6. (a)Bit error rate spectrum of versus received power for selected comb line and

a CW reference at 7 Gbit/s. (b)Eye-pattern.

Fig.4.6. &V V) b2 —HTT7 Gbit/s T
to-back TIEEFMEZHIE LU7-MERTH 5.

DT HRICEFET S L, Hii L AKD 10 Ghit/s D%

U 728212 a Lk 1 A& Y] 0 U Back-
Vb2 TR U{RR I O Az Yl
Tl BER 2189 % Z & 1ET

Endrotz. EHEE% 7 Gbit/s ICZH L 2B IE RO BER BEUEIh, ©T5—
TN —fEEXZER LT, LU TANZ—VOREEEDSMERED E WX iﬁi“a\?&
WeEZOND, BIfiOMERERE L, EX 50724 DDJREIZDOWTiR . JRIE

DIEAHIZNE ST —DAR, LFED 3 LROYI L, FERIEIEF
Ar=0TH5.

—
Q
S~

(b)

0 T 0
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£ £
8 20 820t
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2 2
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Fig.4.7. (a) Observed WDM carrier of a comb line. (b) Observed WDM carrier of a
comb line with a BPF of 0.8 mm bandwidth inserted before modulation.

39

%%,%%%wﬁam



4.3 BO&RMEA—V ) b I K BRI % EIBEER

SEDOEERE I LARDIEEEFHRE DEER EOBENEINY RRXZAT 4 VR DALETH
%. Fig.d.7. ® (b) 13 AFMEX OB 2 L5382 810 H U 72 AL E BT THIR 0.80 nm
DNV RNAT AN REFRAEGEDHART MV THY, (a) XA CALEIZ/NY RSR
TANREHRATOVRWEEDNARY ML THS. EDFA OFEDE U S TldEs
7 =M% 17 dBm OEWHRH B Z N0 5. ZOZEMNFERTHK I VY —NTDZNH
NI —DRRET 255 3MEEREDETORKE 2D 5 5. Fifid 3 LFFOEEERTIX
ZRFETC 3 LARROYID U Z24T 5 T2 OZBFRIZNY RAXZAT 4 OV RZIEEH LW, —f
T, AERIZBVWTIREFHRIZNY RXZAT 4 VX TIALBEOYOHLEZIT>TWS., Z
DNV RRZAT 4NV ROYO B UNRNTH S AfEESEZ 5N 5.

WU — L EFBED I LROY D HL, ZD2DODMBIZOVWTHNS =, Fig.4d.8.
DEBRATEREIT - 7=,
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Pump PPG
(For PDH) _._|.L|.|.“J.J_|.h.._, !
1 EDFA Frequency | EDFA
Soliton . 99
—| FBG —| FPC » IM —| BPF
1
OSA
Rx
——— | BPF |——| VOA — Transceiver S Error detector
\
1 '\
_I - .
! : L [pwm Sampling oscilloscope
I L

~

Freque’ncy

Fig.4.8. Illustration of experimental Tx and Rx setup.
BB — EREIE 0.80 nm DNV RARAT 4 VR EZ LI L I2& > T, ZBFFED
EDFA THA4RRE2R5 N TEH XL SEH L2, EDFA 1T & > THIE#IT T L4

1 AK%280 H U, Back-to-back TOEERMZHIE L. Z DM T PPG 6 DG
5% 7 ~ 10 Gbit/s DR TE/LIE72 & 2D BER OfIEM R % Fig.4.9. IZRT.
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Fig.4.9. Bit error rate spectrum of versus received power for selected comb line.

Z @ BER OJIEFER D S LT EE A KE < T5 L BER WEAAT S Z 2Bl sz,
ZD71=D, EEFRHEDOBDRIAH AT —TlERVWeEZOSNS.

WIZCOW L —H 2B ULBIZNY RASAT VR E2RU N %22 B2
HETAHILILE>T, BREFSIIHNTEINYRNRARAT AN EDEZ ZHEL TN,
V—=HFREYV ) b UREICHWEZT7 74830 —% % 1,550.330 nm DFETHHALZ. 10
Gbit/s TEF L, NY RNA 7 1 )L X O4F%IE 0.050,0.080,0.110 nm & L72& ED
BER OHIEFEER % Fig.4.10. IZ/R7.
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Fig.4.10. Bit error rate spectrum of versus received power for a CW at 10Gbit/s.

ZIZTENY RART 4 VX ORISR Z L T2 AR RER B LT 2 Z & A Bl T
72, FHZHEIEEDY 0.05 nm OFHIZIET I =7V —I0ET BRI ENTETVARY. 20
HrIBE 0.05 nm O & E OEFHE 2 2L B2 ER%E Figd.11. 1257
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Fig.4.11. Bit error rate spectrum of versus received power for a CW.

HHEHME 0.05 nm DNV RANAT 4 VR E2EH L7z E, 10 Gbit/s DZFH TIIRERE
DEADHER I N, EREEEZ/NSKTHI LI Lo TEEREPHEL TS Z L
RoPE. ORI 703 L% LU IZBRIZNY RRAT 4V RIZE>Ta A
METIOH Lz EOFERE B> T WA,

NV RNRAT 4 VEADPEFUEFITE A DB OWTHGINRERZ1T 572, Fig4d.12.
i (a) 310 Gbit/s DI TH D, (b) THERKD 77— T8 E2T>TWVW5. (¢c) T
10 GHz RN D2 7ZE D L TE Y, (d) ZU0 UKL O 7 —) T & #%2 175
TWa5.
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(c) (d)

o 20 w0 @ s » @ = o M0 400 0 800 1000 1300 (400 1600 1800 2000
ay (G Tirme (pa]

Fig.4.12. (a)10 Gbit/s square wave. (b)Result of Fourier Transform. (c)Result of
cutting out at 10 GHz. (d)Inverse Fourier Transform Result

(c) DMEFRIZBVWTHEMAREDZHRELTLUE S 2012, (d) DEBIXTOHEREL S
BANEL S Z e bhd. (o) DEFRETY D ITHIPHZ 10 GHz & L7256 L 20 GHz
2 U725 E O HBHE R % Figd.13. IZR7.
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Fig.4.13. (a)Result of cutting out at 10 GHz. (b)Inverse Fourier Transform Result of
cutting out at 10 GHz. (c)Result of cutting out at 20 GHz. (d)Inverse Fourier Transform
Result of cutting out at 20 GHz.
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B MEVHEEATAZ L TRIBHAKTHD, 771 MEERONNT — %2 &
fEEEBZLIZE o TT 74 NERERFZ BT IR PN R OB EOE LA TS, H
AUV M3 a L 6G0’FES 0.0768 nm L IEFITHENEDTH 722 n6, Fv
FNVED 7B A= RREL AR FSICEZONS. FYRVEZBA =20
BRI T B, ILEEEOIANY Y N EHWTOMREEZT - 7R 2 IRIHT
R
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433 EEHESEBIEER (FSR 20GH:z)

HIEDRKRAD 728, I LFRDOBIBRDIAN 7 v b~ 773 2 Lk G deikds & Fr 7= (28
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Fig.4.14. (a): Used MgFs microresonator. (b): Optical soliton spectrum. (c): RF
spectrum. (d) : Observed WDM carrier of a comb line.

Ry TR 1550.2340 nm, HEIRE|FADATIEANT — 0.90 W, 155 FE 8O JE R & iz
f§ixZ 24 10.1 MHz, 3.00 dBm OFMATY VY b HEEZT>TWVWD., ERANRT b
Vh 5 FSR I 20.05 GHz TH 2 Z A€ SN, HIRSBROERIZ 3.44 mm &4 5. {7
ERBIZNY RRA T 4 )V R % FHWT 0.150 nm OHIRIE T 1548.020 nm ® I Af{ 1 A%
PO L 7 (REFEROFER % Fig.4.15. ITR7.
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Fig. 4.15.

CW reference at 10 Gbit/s. (b)Eye-pattern.
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Fig.4.16. (a)10 Gbit/s square wave. (b)Result of displaying the Fourier transform of a
10 Gbit/s square wave together with adjacent channels spaced 10 GHz apart. (c)Result
of displaying the Fourier transform of a 8.5 Gbit/s square wave together with adjacent
channels spaced 10 GHz apart. (d)Result of displaying the Fourier transform of a 10
Gbit/s square wave together with adjacent channels spaced 7 GHz apart.
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Fig. 4.17.
together with adjacent channels spaced 10 GHz apart.

(a)Result of displaying the Fourier transform of a 10 Gbit/s square wave
(b)Result of displaying the
Fourier transform of a 10 Gbit/s square wave together with adjacent channels spaced
20 GHz apart.
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Fig.4.19. (a)Optical soliton spectrum (b) Bit error rate versus received power for four
selected comb lines and a CW reference at 10 Gbit/s.
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