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Thesis Abstract

Generation of 300-GHz Electromagnetic Waves and Realization of
Terahertz-Band Photonic Filters Based on a Soliton Microcomb

An optical frequency comb is light with a spectrum whose frequency components are equally spaced
like a comb, and is called the “ruler of light” because it can measure the wavelength of light with high
precision. It was reported that optical frequency combs can be generated by mode-locked lasers, and the
Nobel Prize in Physics was awarded to J. Hall and T. Hansch in 2005. In addition to mode-locked lasers,
other methods for generating optical frequency comb have been developed, and the generation of optical
frequency comb using a microresonator was reported for the first time in 2007. Microresonators are very
small optical resonators with a micro size, which can strongly confine light in their small mode volume,
thereby enhancing the interaction between light and matter and inducing various interesting phenomena
known as nonlinear optical effects. The optical frequency comb using a microresonator is also generated
by such nonlinear optical effects, and is specifically called a microcomb.

Microcombs take various forms depending on the magnitude of the frequency difference (detuning)
between the incident laser light and the resonant mode. By sweeping the laser wavelength from the
short wavelength side to the long wavelength side of the resonance mode, a dissipative Kerr soliton
(soliton comb), a short pulse train with all frequency components in phase, can be generated. Very high
repetition rates in the range of a few GHz to several hundred GHz are easily achieved with soliton combs.
Soliton combs have been applied in various fields, such as optical communications, spectroscopy, distance
measurement, and optical synthesizers.

One of the applications of soliton coms is the generation of high-frequency radio waves. Radio waves
with frequencies below MHz have low linearity and low transmission capacity, and are used for marine
communications, AM radio, and other applications. On the other hand, radio waves with frequencies
exceeding several hundred MHz have slightly higher linearity and relatively larger transmission capacity,
and are used for mobile communications such as mobile phones and TV broadcasting. In 5G, an even
higher frequency band, the microwave band (3-30 GHz), is allocated to enable faster wireless commu-
nications. In addition, the development of higher frequency bands, millimeter wave band (30-300 GHz)
and terahertz wave band (300-3000 GHz), is being considered against the background of increasing data
traffic and the depletion of frequency bandwidths. However, the terahertz wave band, in particular, has
not been explored extensively because of the high level of technology required for its generation and
detection.

In this study, I generate a 300-GHz soliton comb using a silicon nitride ring resonator and establish
a soliton comb stabilization technique using the Pound-Drever-Hall method. Then, I receive the soliton
combs with a uni-traveling-carrier photo diode (UTC-PD) and measure the power to confirm the gener-
ation of 300 GHz radio waves. I also theoretically investigate photonic filters operating in the terahertz
waveband, and perform proof-of-concept experiments using arrayed waveguide gratings and the UTC-PD.

In Chapter 1, I explain an overview of microcombs and photonic filters, and the purpose of this study.

In Chapter 2, I explain the theory of soliton combs and finite impulse response filters.

Chapter 3 shows experimental results of soliton comb generation and stabilization.

Chapter 4 shows the results of 300 GHz electromagnetic wave generation using soliton combs.

Chapter 5 shows the theory and experimental results of a 300 GHz photonic filter.

In Chapter 6, I summarize the experimental results and conclude this study.
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R AETHEET 2 L TRPERVE, $ROB=ZKIA4 774 VITEX - R - KEBELLEEDLDATVS.
ZLT, 4 2B BTN EHDEA VX —%v b THB. Fig, BHTNCESTHMR/ANICE o TR —F
74 Y (RAZR) BRPELVDDE o TS, HIRZR S, 76wl L 2RRT 5, KARKBEITHE
2D, TAHDZLIEETARKRLIATITOIZENTELD, bBAAZDEDITIEFEA VX —F v MIE
DRoTWBAENDH S, Apple thDZ~— k 7 % >, l{Phone] BFERZINT=DH 2007 EFDZ L THYH, ZZ
PORIITHETAT =7 4 YEBO—HRICR > T LE-ADBZNI LSS,

2019 FIHAE L FBan F v 4 VRERIEDILKICHEY, [ X =%y bEHWTY E— b THERE
¥, BRERTOILPHITVWS. £/, BLICKRo TABICEEL TWA4EN Al ZEBICHAAATWS
3%, IoT(Internet of Things), DX(Digital transformation) % &M HE LD TV 2 BEDBE  FE
5. NEFFIZ 2016 4£1C Society 5.0 & FEIZN 2 RAEZER & IR ZEZM A MG L Hil B2 RIBLTED
[1], 5% ETETTFIRMEDPEATHN b FHENE. ZOXIRRIICBVT, X5 ICEERMEREER
MEFFETZZeIRDLENTED, 300 GHz 28X 2 HHEEHEHTH 2 7 7~V EHAHOFEEIEE > T
W3,

FIT, 7INVYERERE LTEHEED TOWEDOYA 703 L THS. ¥4 7083 LEMNEHR
T X o THRAEL, MNEHIREZY 4 XDIEF TN X W28 300 GHz 22 2@V DR LA E &S
WWRBTE, MBI TREF v TEBOATRETH 2 ORI TH 5. v A 7 ali el ER% CHEET 3
Ehd, v A4 7vasEZHOTHOEE, ST 7 NVYIEEBATY 72 2T 2P E 22 o THEDR
V. L7edioT, 427 8asilkos UMNUTHBENMRNT VY IRFEARZERT 2 Z e pliffsh
TW3. RIFFETIEY Y Y as eI HE NSV S Zna sz REXE, BifEasor— MaEx
BT 222 12&D T INVYIROFEAERRAL., X512, BIUEEICBWTRER 7 4 L 2HKEEL 300 GHz
WCEHT 22007+ b=y 77 4 V2T 2HmERSN L, WRFEEEREITo72. ZOWALN~ A 2
02L& 3T 7Y EIEGEERMFHEFEO—B e RhEFEVTH 5.
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1.2 fuhyeHiRas
1.2.1 #uveitires e i

FEIARAR L 1%, HOHIRHEREFAL THEALIADERT 271 A TH 5. HiRe1E, FEHOREET
IREN 3 2 VRIS HNER D & 2 OFEIRIREIEL & & L W OREI 22 2 Zic kb, MEI LD KRE IRET
ZBRTH 2. HROFERGNCTFvand b, 77 >arddbrEE0RBBTRERA TN L&, kb
ZOEBRBBICEDETHREZHDPTILICED T a2 kD RELEST I TE . HHERBOFME
HHERIHOBREORERLE L FE L WG, HIEEREER L CHRIRT 5. &b BRI OMRIIHE %
2 BOFATICUEA 72 FHGRERETH D, HIIFEOMTRHFEZHE VBT I X VHLAD NS, 2D
MR LT, BREFMIREP Y & ZHIRE, 7 » A NRRB LR EHTELET 5. KRB Z O F B
BIRMED SHET 4 W EZRARY PAENa e U THIHAIRETH 503, RO AHSI N HRIIL - TH 5.
L — PR ANCHAFIRE 2B T 2 Z 2 I X > TREDAREICBWTat — L ¥ Tl EFAE
IEBZIEHNTES.

HHIRBROHFTH R E X mm » S8+ pm FE L IEF /NI WD DEBUNEREEE VWS . UNEIHR
RO 7 » 7'V - Ru—AHHRBICHAE D, V¥ 7 HRECHRIAT 2 WGM HiRER2 E03H 5. Ktk
OURER R TR QL VWS 302D 5. Q HIFLU FoRTERIN 2.

5 BRI AT —
HD 13 A 2B h DT rLF—HLK

Q=2r (1.1)

D% D, QENREHVEWVWD ZLIHBENNZIVEWS T EEKRLTED, ZHUIHIRE— FORRY P LR
MEIc2E T 5. X (1.1) ZHIRBIFE vy & HRIRE Av TRI &

Vo

Q=2 (12)

Y75, LdoT, HRRENEERER D 1550 nm TH - 723546, HIRRED 20 MHz T Q fEix 107 &
%5, Eio, HIRREEETFHEG 7, TEEHZ 3 M ToRick 3.

Q = 27Ty, (1.3)

HTFHa r, L&, BB D OHEEOWETH DIRKICHT 2 BEOMNMERT. MINEERED Q
BUET 258, SIEHSHBIIA = WNEEIER (1.2) ZHVTRD 2 2 EATE 255, SUEAE R #E75 R
NI VIR Y Y IR Y UKL 2] SN 3 FETATEMERD S LItk D, X (1.3) ZAVTQ
EERET 22 LHTE .
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1.2.2 94 ANV 2 IF v S —F—F (WGM) HiRss

WNHEHARBBOIRE LT 4 2RV 2 - ¥4 5 Y — « £— F (WGM: Whispering Gallery Mode) $£#%
MEWVIDBDNPFHET S, VAR YT Xy T =X vy Rroty b - KL KEREIREINS
MEOEIEOZ e THD, H2 1 HOBHTHELNBEFRDEIEORE R {R-> TRMIIE TR 262
SMEN TV, KHFHLFE UK TH 3740, MEOMENENDSKGT 2 Z ik DBEIEIREE L
THERAT 2. HOBEEOEREIHRE 1 AOABELFLVHEOANIIIRT 2 20, HRERIG A
AEZS. RS TRE D & 5 HIREEB O£ Z B AR 7 FLEEE (FSR: Free Spectral Range) &\
v, UFoTtREN 3.

c

FSR = —— (1.4)
22T, n3EITE, RIFHEREBORE, cl3tETHS. X (14) &b, HIRBOBEIVNE IEE O JETHR

DVNZWEE FSRIZKREL 2 Zepmard. WGM HiR#ED FSR IGEFEE T GHz 2258 EH GHz TH D,
BB 3 2 WU INEHARERIC & o THRAET 2 0 BE 2 2 ORI FSR IRFEST 5720, @fEDEL UL
2N DA IR E R A ZICHTENIC BN TR E W FSR 2> WGM HikdsZ2 W2 Z L I3AHTH 5.

WGM resonator

Light

_>

Waveguide

Fig. 1.1 Schematic illustration of a WGM resonator.

WGM HIREHHW SN2 ENIE S U D (Si0s), 7 vib~Z 32> w 4 (MgFy)[3, 4, 5, 6] 7 vk
v L (CaF9)[7, 8] M E DAGEMEREDIH 5. >V kvl WGM HIRARICIER A LB RIME SN TE
b, brA R[9,10,11,12] ¥ = v [13, 14, 15], B v F [16, 17], BB [18, 19] 2 E¥AH 5. FZ L H
WHNBEIRE b A RTHD, L—HFI2EB3) 70 —70tACL>TEH QMETHH FSR A 100 GHz % i@
Z BRI EEHT 2 Z EAATRET H 5. FERIRIHIY 4 XHAKE VS OAZ Wz FSR 238+ GHz f2fE
WCHE->TLEID, MOARY MARHIRIRD SN2 E&E R ESEZE (DWDM: Dense Wavelength
Division Multiplexing) #{E7% EADISHICE L TW3 [6]. Fig. 1.2 . 2zhzhfile LTSV H oA PR
7, U AMUNERIEREE, T vk~ s v AR O EEERT.
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Fig. 1.2 Pictures of WGM microresonators made of various materials. (a) Silica toroid resonator.

(b) Silica sphere resonator. (c) Magnesium fluoride resonator.

1.2.3 w10l >JHiRas

HiRms L BSOS IR L RS < 4 20 ) U VT HIRBR LR, <A 2 n ) YV HIEROEE ot 2
i3 CMOS HEfMAH 27280, F v FTHEENER TF AL 20/ - B3 LICE LTV 5. MEITIZS Y
> (Si)[20], Bt 4 3 (SisNy)[21], =4 7Y F v & (LiNbO3)[22], Z(L7 1 I = 2 (AIN)[23] 2 &3
Hushz, fiTh, By 4 HZeike LEHERIERIC I VSR ThS. Er4Hizvyars
A P4 FEBIEER, VAR T v b= 2T L&D 6 10 B EEVIEREEITREEOZ e hs, %
BOXA 702 BRI BEIRZ I TES. ZOMIBIFLEHZINTWEDOR=F THEY F 7 4
~A47u) Y IHIRIITH L. LiNbO3 XV F vV LF A4 AR= b IR, 2K 3ROMAIZBWTEWIE
WM RET 2. ZAUCE D Ry FAZIERRE 2 MEEAEE, 4 RS Y v o 2RISR 2 A
XEB L HARETDH 5.

(b)

__ N ]

Kerr comb generation 4 Intensity modulation

Filter

Fig. 1.3 (a) A scanning electron micrograph of a silicon nitride microring resonator coupled to a bus
waveguide. [David J. Moss, Roberto Morandotti, Alexander L. Gaeta and Michal Lipson, “CMOS-
compatible multiple-wavelength oscillator for on-chip optical interconnects,” Nature Photonics 4,
37-40 (2010).] Reproduced with permission from Springer Nature. (b) A false-colour scanning
electron microscope (SEM) image showing a fabricated lithium-niobate nanophotonic circuit that
consists of a microresonator frequency comb generator (X(B)) and an electro-optically tuneable add-
drop filter (X(Q)). [Cheng Wang, Mian Zhang, Mengjie Yu, Rongrong Zhu, Han Hu and Marko
Loncar, “Monolithic lithium niobate photonic circuits for Kerr frequency comb generation and
modulation,” Nature Communications 10, 978 (2019).] Licensed under CC BY 4.0. https://
creativecommons.org/licenses/by/4.0/
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1.3 JERIRE L
1.3.1 XAEBALLI

SR A 21X, MO & 5 WHFRIBRC BB D AT AR SV ERRFONEIRT. KB 2 2039k
TICZ L OB T 2 07D, RTORT OO S & 7 —V 22D BR > & IR - Cl@EE v
25 T B, Fig. 14 WHBEBFEEa L OFRERE & A7 MLVOBERKZ/RT. HREERa L 2 RBEXE2 )
RIZEBIEIE L, & HEML0EEDER MFZR L TV RN AR T 2 HETH 2. $-E— FRGL —
PICK o THAZIEZ I HTE, 2005 Fi2id Hall K& Hansch KA Z DIEIC K D 7 — VY EE 252
BL TV, A TE EFL 0% @RSy NEIHIRER 2 W TIEREE R 2 R U COURER S 4 %
FAEZETWS. JCREEE A 2 O&FEBES D [, FAToXTREINS.

fn:fceo+n'frep (15)

ZZT, feo @F ¥ V7T RUE—=TF Tty MEREL, frep FRDELEBEBETHD, n ZHAKTD 5.
feeo ZODE X, X 1) 7OMMEL ERIMOMAEE SN ZRZ LI LTOTATVL. TOLEXDANLRT
EDTNE Qeeo £T DL, TONMMEED 2r L7225 FTD OV ZADMEBUL 270/ Pcco = frep/feco THB. L7z
5T, feco = (Peeo/2T) * frep €785, T D 2 DOHFEHUTEH I MHz » S5 E GHz OHFIPFICTFEEL
THED, NORBEIIEE THz TH 2720, SCRPEHa L3t~ A4 7 nEzB& e LTHEESATY
3. ¥z, 5200 RF X 18 ML EDIEFICEWHETREIE S Z N TE 5720 [24], KD
MEROHLE— M EMB I ko TEAVWHETROABEBERET 2 Z LA AEETHS. Lih->T, K
B LE DtoboX L) EMIhs e ddHb.

Fy UV 7IrRNu—7F 7ty MNEEBENET 270121k, BESREL W HEEZHVS. a2 0HE
DA T Z—=TUULIEB o TWB5E, HERBEBDE—TF f, TN LTZD 2 EDOREBEHDE— F 2f, DFE
T3, %72, E—FNBEnM2METHEE—F fo, BEZD L, 2f, & fon DEIF

2fn - f2n = 2fceo + 2nfrep - (fceo + 2nfrep) = fceo (16)

5. LEedioT, A7 X—=—TULOWEZR DI LEZREZIEE LT feo 2185 ZEDTES. L
DR UL frop ZERARZ P T LTFIAFTEGICHET 2 ZEDTE, foo & frop @LE LA
BOLHEICNHRIS 2 2 212 & D, IFFICEE LN D FRBEAE T H 2 AP a 1 2 RE T 2 Z e
TE5%.
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Fig. 1.4 Illustration of an optical frequency comb.

1.3.2 E—FRAEHAL—Y

L—H 2OV AFIRT 2 FIRIIEEIEEL, FEARL -2 EELHT 2 7R EH T 2 51k, R
mOBERZ FEINCHEE ST 2 Q A4 v F Uy 7HEREDHS. 2L T, E— FEAMPL —FPRH VUL RE
(ps—fs) THIRT AN TES. E— FHAMPAL —FTIERBOBEOHKSIHIRL TB D, T2 DHDAIHE
DTS LAV ZAMBFEL, HREE 1 EET I 1 2O 2R ER 5. E— FRYT 2 /53
(727576 e ZE R JT1ER S 5. BEEIN 2 & — FEBICB VT, HIRBANCELOCEERED X 5 L
RRREL, HRBOBDIRLEABBICEDE THAZBELREZMA 2 Z 2o ko ThMEABZITS. —7,
ZEIH 2T — FEEICE, ATERITRINAR & TIN5 HEREA K 2 WS O AN E BB 2 WH & iR I
B35 ThERAIEES.

T FEIAL —FIREBFE Y774 7L —FREDKREHWEEERL -2, Ty a (Er) A v
FAEY A (Yb) R EOFHEILEMBMENT 7 7 A AL —FBILHWSNSE. 77 4 AL —FIFIEE
MR TR LT, ar Ry P TRELRNFEE LTE= FEAML —FOERITKR > TWVNS. E—
REH 7 7 4 N L —F OREBUICIE P ERAT R X 7 — (SESAM: Semiconductor Saturable Absorber
Mirror) % W72 & DR IEFEHIE L — 7 3 5 — (NALM: Nonllinear Amplifying Loop Mirror) % 7= 3
D, IFEHRREEZFA LD DR EVWOMEFIEL, TS IZARFRINERE LT@< .

NALM ZHW/2E— FRIZ 7 4 N —FRIROMENS 2 Fig. 1.5 177, ZOBRIE 8 oFA L L
N, 220D7 7 ANV =THBHLD 2X2DHTITHEINTWVWS. GHIOL—-T1FI 77— LToOxE%
RBi-L, Elor— 73 HIRBOEE ZR72T. Ellor—F1cBWTATIhERY THIE, 774 A HiIE
BRTH T E D AROL— FOREENE D A (CW) & KEEHE D A6 (CCW) iIcah 3. CW Ok
HHON—FWZAFHLTT IR T 7 ANBEIEZZT, ZODOBINAL—TDERDDT7 7 4 NZliET 5. —77,
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CCW DHBEN—TDRKFED T 7 A NEBEBLIZOBIZT 7 4 NHEIRXNS. L7zd->T, CW D5 DAIERR
TR & 2 HOMHEZEHRZ 2, CCWITH U TNEZENEL 2. 7 7 ICHEAS T 2B 2 OfitEZED
T TH3LE, BTONIEMDNL—TD T (CW ) ITHHT 5. Lo T, GRIOT 7 £ "\ v—T1F
HoRT —HENE EDAEE T S A FURIRINERE D E 2 R 3. NALM Z Wt — FREZ 7 4 "L —
FIRFEEEFH LW, 2TREREZ 7 A NCEo THRT 2 22BN TES. Ld > T, SHELICHRW
HELIL—FRIRZATREL T 5.

Fig. 1.5 Experimental setup of mode-locked all-PM Yb-doped NALM fiber laser oscillators. [Yang
Yu, Hao Teng, Huibo Wang, Lina Wang, Jiangfeng Zhu, Shaobo Fang, Guoqing Chang, Junli Wang,
and Zhiyi Wei, “Highly-stable mode-locked PM Yb-fiber laser with 10 nJ in 93-fs at 6 MHz using
NALM,” Opt. Express 26, 10428-10434 (2018).] © 2018 Optica Publishing Group.

Zofucd, €— FELPEEA L —5 (MLLD: Mode-Locked Laser Diode) $ B < iV TW5. MLLD
VL R R b, KIEEE ), BB ORISR DD, 1D IRUERBIEE GHz 2 581 GHz 12k 5.
%72, EBOBTHAZEMR L TEDIE LA 100 GHz OE— FRMSERINTWS [25]). 5612, BT
HEPORTTE/NEL LB FRy a2, BF Ry PU—FHEHEL, BEF Xy > 2L —F2HWT 300 GHz
RIBA HHED R U M 2T w3 [26].

1.3.3 EXEEZAIL

BROCFZEH 32 2 (Electro-optic modulator comb) (32 DHDIED |, 2 XROIEFFEIERN R D BXOCHINER
RRAUZZTNICE D RAET 2 HREARBa L TH 2. it BRNFERBCTNHEER T Z2ickd, &
R7 PVEHERDI N VB e R 2 DT A EAY REREIR LD TES. 1 BOLHBTIIHAE
SEZIEDTEDSALMOARBUCIRADD 25, EROLFHBLET S ZLicko TarfoMeEeT
CEDARETH B, 2 LT, MMHERBR2 BRI LRICBELRSBL LEMAS21C&D, ART FLEFDS
R T8N TES. %72, EO a2Za sy —LEBREVE WS RS H 5. —HT, WA
YW MEED D o 2720, VY ZRHHRBNENIC EO MMHZRBEEZBEWTa 2DLHIBRLEITZ 5 2 ¥ 2
HENTz [27]. Fig. 1.6 IKFHAHIZRT. VF VLT A FN— MERBNICESEETAREREL, LAY
F2KIZH 7z o THI 10 GHz D JEEERERET 900 AL LD a AOEBITHN L T\,
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Fig. 1.6 a, Schematic of a canonical EO comb generator comprising an EO (X(z)) phase modulator

inside a Fabry—Pérot resonator. b, EO comb generation principle. c, Integrated microring EO comb
generator. [Mian Zhang, Brandon Buscaino, Cheng Wang, Amirhassan Shams-Ansari, Christian
Reimer, Rongrong Zhu, Joseph M. Kahn and Marko Lonc¢ar, “Broadband electro-optic frequency
comb generation in a lithium niobate microring resonator,” Nature 568, 373-377 (2019).] Repro-
duced with permission from Springer Nature.
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B 19TH 5 4 KRS (FWM: Four Wave Mixing) ASESHINCHAE L, RO FSR 572 F N 7= (i1
WHARE— FPEL 2. 4 HFREALIEZ, 2HEEORY TR I Nz 3 ROIEMPHE» LRy THEEL
B2 2ERONPRETZHRETHZ. ZOHRICHRET 3 2EDEIEAZR 0 -7, 74
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fpumpl + fpump2 = fprobe + fidler (17)

F72, 200K Y FRENE L WLE IR 4 CIES (DFWM: Degenerate FWM) & #EEHh, K (1.8) O
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2fpump fprobe + f1dler (18)

W HHEIRERICB W T A HPFRADET 2T =D L EWMEIZLTORTRINSD [14]. Ay 1FFEIE—
RITER, 1o \ZIESUMEITR, D) & FSR ICHYS 2 MAEE, Q13Hhy 7YY 750 QE, 1= Q/Qux
EH Y TV TRGR=R, Qs BH v TV Y72k B QETHS. R (1.9) 205, HRBOY 4 XHV/NE L
IEY Ao BIE L Dy EAEWTD, ROATHARY =T A 70 LEREXBZ LN TES. T3k
TWEITENIKEZ S QEDEWAD Py XKL R 5.
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A2y b7 Y RO THPMEIE U BRI E D 6384 U722 % Jonh Scott Russel ¥R L7z, £D
%, L2 IR D IERRERM A TR TH 2 KAV FEAPRIEI N, VU b 3BR e HENARET
HY, £V MUEALHIEEL TOEEVWVEE L TETEZHRT 2 2 2o, BEOHERB X CEBRERE
DIFEAIE WS R T2 LTOMEZR->TWS. YU MY WIEFZ, 1965 127 X VU H D N. Zabusky &
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B ZNENEOCERE, BWRFEH Y WS, Led-T, Fig. 1.8(a) DESRXTFFa—=vZE/NhXL LT
L HRIRETREE P AL, IR R KR VB ERNR - BRI FIC & o THARERIGREREMAICS 7
FLTWK.

@) &4 = (b)
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Fig. 1.8 Schematic illustration of DKS generation. The blue line indicates the pump. The red line
indicates the intra-cavity power. The dashed gray line indicates the cavity resonance. The dashed
pink line indicates the soliton resonance.
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Fig. 1.9 a. Set-up scheme used for soliton generation, non-destructive soliton probing and de-
terministic soliton switching. b. Diagram of the double-resonance cavity transfer function in the
soliton state. [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 determinis-
tic switching of dissipative Kerr solitons in optical microresonators,” Nature Physics 13, 94-102
(2017).] Reproduced with permission from Springer Nature.
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BOEM Kerr YV b2V ) bras dEENS. VU b rasdEEs/ha RS 2 b IE
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RONRT—1F N2 {5272 5. PSC ORI ELEE— FR7%E (AMX: Avoided Mode crossing) IZBH#H LT\ 5
ZEDREINTWVD [34]. AMX IZARY PV DFRFHZRZENE 726 L, HIRGFAD CW Ny 77579~ K
WA BE AR Z AR T2 22PN TS, ZOEHRHINCW Ny 7757 RICHESINSE
TY VU b YV AR Z & T PSC BFAET 2. PSC 5 LA 1 DL ERFFZIKE (P a v b
F—RKE) RSNV ADBT T P LTRRE (7L 2 7 VRIE) ZHICY Y b2 ) RZOVERRY, RIEOAEIZ X -
TERRTHBARY bL%ERT. Fig. 1.10 12 PSC 2 2D YV v 7 ) ZAZ VD AR bL, HARIZNEL
BORANZRT. PSC DEMUIAR Y T —DRI W KELMMFELTE D, #@HED DKS & HARTERVLR
YTIRY—THRAEZBZIENTES. £/ PSC ORY FRY —ICRIERNCHEZSEZ7-0D0D L FWHE
PEEL, LEWEZBZ 2L PSC BFET 2HMERIMBIRL 725 C ¥ ASRENT= [35]. ZHUIAE Y 73
7 —NEL BB EEEEIRENCB W TH A R E @RS 2 22k D, FRHAKRSAF YU b rhdH 5 0E
N DR PSC LOERTERSRDI I REKRT 5.
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Fig. 1.10 Measured optical spectra are shown in black and simulations in colour. Schematic de-
pictions 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. o, 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. p-t, A series of crystals generated as the pump
laser is moved progressively closer to the stabilizing mode crossing. [Daniel C. Cole, Erin S. Lamb,
Pascal Del’ Haye, Scott A. Diddams and Scott B. Papp, “Soliton crystals in Kerr resonators,”
Nature Photonics 11, 671-676 (2017).] Reproduced with permission from Springer Nature.
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Fig. 1.11 Deterministic switching of dark pulses.
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(a) Setup for comb generation and measure-

ment. The setup within the dashed lines is used in Sec. IV. PC: Polarization controller, EDFA:
Erbium-doped fiber amplifier; PM: Power meter; ATT: Attenuator; PD: Photodiode; IM: Intensity
modulator; OSA: Optical spectrum analyzer; OSC: Oscilloscope; VNA: Vector network analyzer.
(b) Measured comb power when the pump is forward and backward tuned, shown in blue (dark
gray) and yellow (light gray), respectively. The frequency axis indicates the pump location with
respect to its initial frequency. The frequency scan is calibrated by means of an auxiliary interfer-
ometer. (c) Zoomed-in view of (b), where smoothed steplike patterns are observed as the pump is
tuned, indicating switching between dark-pulse comb states. The inset shows the radio-frequency
spectrum (dashed red) and noise floor (solid blue) of the generated comb. (d) The blue frequency
lines are the comb spectra measured at different pump detunings, corresponding to the comb states
marked in (b). The comb envelope of each state is simulated and shown in red, with the correspond-
ing simulated time-domain waveforms underneath. The arrows point the number of low intensity
oscillations. For state F, the phase of the pulse is also shown in dashed blue.[Elham Nazemosadat,
Attila Filop, Oskar B. Helgason, Pei-Hsun Wang, Yi Xuan, Dan E. Leaird, Minghao Qi, Enrique
Silvestre, Andrew M. Weiner, and Victor Torres-Company, “Switching dynamics of dark-pulse Kerr
frequency comb states in optical microresonators,” Physical Review A 103, 013513 (2021).] Li-
censed under CC BY 4.0. https://creativecommons.org/licenses/by/4.0/
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Fig. 1.12 Clockwise from left: conventional dissipative solitons, dissipative solitons with dispersive-
wave tails, zero-dispersion solitons with quantized periods (orange area), switching waves with
dispersive-wave tails, conventional switching wave. Dashed gray line in outer figures represent the
CW high-state solution. Thick bands represent the existence range of structures in the circular
path. [Miles H. Anderson, Wenle Weng, Grigory Lihachev, Alexey Tikan, Junqgiu Liu and Tobias
J. Kippenberg, “Zero dispersion Kerr solitons in optical microresonators,” Nature Communications
13, 4764 (2022).] Licensed under CC BY 4.0. https://creativecommons.org/licenses/by/4.0/
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THBEEEMI TR FPEREL v RFF 2 —ITANS (REE D). Fig. 1.13 TI3EH ¥ 2 BUEEHER
AU D IR 7 M2k 2V ) FrOEKEN D, —RERELTL -V REBEEHIEL,
YV PR =" —EIROZICE D VY P UREERRLTWS (KREEIIL, IV). Fig. 1.13(a) 137
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Fig. 1.13 (a) Simulated intracavity power in which the pump laser scans over the resonance 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 (~10 ps) to trigger solitons, and then increased (~100 ps) 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. [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).] © 2016 Optica Publishing Group.
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Fig. 1.14 (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 x 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).] © 2018 American Physical Society.

17



-3

B1E B

C. #BL—H&

MBIV —HEEE, R T —F ZRNCHBINZR L —F 2B AT 5 2 I X D HIROBEBE S 7 b2
Z51ETHS. Fig. 1.15(a) ITRT X1, HE 1.5 pm OKR Y 7L —PH L HER 1.3 pm Oy —3%
PHIRBICASF 2. V) P RBEDOEEI Fig. 1.15(d)-(f) IZRIATWS. (d) TEFHL - Kok
PHIRE— FIHEALTED, R TEEZHORIREE— FICELXE 3. (o) IRT &Ry MR
E—NZtHmiEo e, ML —PoHIRE— MRS 2G99 R 270, Ry B HE L TwasH
RE— OB 7 v M2 oN5. () ITRT LSRR TRV Y b VEBICA S, filhy —9k
DOHIRIFE— M T 2 AR R 5720, HRBADEAY — DRI D 2 WHIT 2 Z L BFRETH 5.

(a) (d)
1.5 um -~ 1.3 pm
1.5 ym pump laser L
AVAVAVAVAVAVAYAY " auxiliary laser
v Out 2
3
AN g [ ]
13 @Emswm K
/ (e) - Frequency
b
( ) 1.5 um .
1.3 ym °g’ L
: [ ]
= w o
o [
3 3
o o
o o
> () Frequency
C-resonance
5]
(© ng_ S-resonance
Frequency
(@ (h)

{4 —1.5um

Soliton regime
Piaum  (d)-e) ()

Soliton regime

Intracavity power
Intracavity power

Time

Fig. 1.15 (a) Scheme of using an auxiliary laser to assist in accessing soliton states. The 1.5 pm
pump laser generates a microresonator soliton while the second laser at 1.3 pm wavelength passively
stabilizes the intracavity power. (b) Illustration of the intracavity power (red: 1.5 pm, green:
1.3 nm) 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).] © 2019 Optica Publishing Group.

18



14, =4 Z7wvaxi

1.4.5 YU F>OLOREIL

VU P AsDIGHIRBWTRELZDIE, ZWELTHHBINCALZHREZIELIeTHL. WELTIALE
REZEZDINETF 2 —=V 2 —EIRR TR SRV, 7TF 2 —=r 73 L — VR HIR
JIRBORELEWCIDEHLTLEDS. 202D, 7Fa—=7%0v T30 RAT7 0% abEEDRIC
AR FERFIUI R SRV, BMICEELOBELIET 22T TETFa—=v 70T RS 2
LIXTERWED, BRNEEOEE Y 7F 2 — = FOEHZEEMN T 20BN H B, flzX, Fig. 1.16
D & 512 L — VAR AR E B O & A AR O E 5 S IHFET 20 %A 5 Z e TEIL, &
WHIREDEH O ML TF 2 —=V Z7OEFHOHA% 10 L ICHEMNIT 2 2 TE 3720, FEilHil
EPNSLBRBEICTFa—= v VEMEMET 2 Z e AREL 2 5. L—FREEIRKIREAEBO S
SANCHIBL TV S 2RH 3 720121F, BEEOMEERE TR L. TWEERT 22005k LT
Pound-Drever-Hall (PDH) #E23 & < FIHTWS [42].

Intensity
o
ol

Frequency
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Fig. 1.17 Waveform of an error signal.
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Fig. 1.18 Illustration of the THz gap.
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Fig. 1.19 (a) Experimental setup and THz soliton frequency comb spectrum. (b) Single sideband
(SSB) phase noise spectra of the generated THz signal. The graph shows data for the free-running
single-soliton microcomb (red line) and data with fip being stabilized to a hydrogen maser (blue
line). The red line with squares is the measurement noise floor of the ESA. The brown dashed line
is the white noise floor from the RF amplifier. The purple line with triangles is the phase noise of
the LO reference (scaled to 331 GHz). [Shuangyou Zhang, Jonathan M. Silver, Xiaobang Shang,
Leonardo Del Bino, Nick M. Ridler, and Pascal Del’ Haye, “Terahertz wave generation using a
soliton microcomb,” Opt. Express 27, 35257-35266 (2019).] © 2019 Optica Publishing Group.
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Fig. 1.20 (a) Experimental setup for OOK wireless communication at 560 GHz. (b) Eye pattern
of OOK signal with 2 Gbit/s when two microcomb modes were used for generation of THz carrier
wave. [Yu Tokizane, Shota Okada, Kenji Nishimoto, Yasuhiro Okamura, Hiroki Kishikawa, Takeo
Minamikawa, Eiji Hase, Jun-ichi Fujikata, Masanobu Haraguchi, Atsushi Kanno, Shintaro Hisatake,
Naoya Kuse, and Takeshi Yasui, “Terahertz wireless communication in a 560-GHz band using a Kerr
micro-resonator soliton comb,” Opt. Continuum 2, 1267-1275 (2023)] © 2023 Optica Publishing
Group.
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Fig. 1.21 (a) Traditional approach based on a single optical source in combination with multiple

non-dispersive short fibre coils. (b) A more compact approach based on a multi-wavelength optical
source together with a single dispersive element. [Juan Sancho, Jerome Bourderionnet, Juan Lloret,
Sylvain Combrié, Ivana Gasulla, Stephane Xavier, Salvador Sales, Pierre Colman, Gaelle Lehoucq,
Daniel Dolfi, José Capmany and Alfredo De Rossi, “Integrable microwave filter based on a photonic

crystal delay line,” Nature Communications 3, 1075 (2012).] Reproduced with permission from
Springer Nature.
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Fig. 1.22 (a) Single-soliton/PSC spectra and their corresponding RF photonic filters. (b) TSM

spectra and their corresponding RF photonic filters. [Jiangi Hu, Jijun He, Junqiu Liu, Arslan S.
Raja, Maxim Karpov, Anton Lukashchuk, Tobias J. Kippenberg and Camille-Sophie Brés, “Re-
configurable radiofrequency filters based on versatile soliton microcombs,” Nature Communications
11, 4377 (2020).] Licensed under CC BY 4.0. https://creativecommons.org/licenses/by/4.0/
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Fig. 1.23 (a) Structure of the proposed filter. (b) Normalized S21 response of a, lowpass filters; b,

highpass filters; ¢, bandpass filters; d, bandstop filters. [Xiaoqi Zhu, Feiya Chen, Huanfa Peng, and

Zhangyuan Chen, “Novel programmable microwave photonic filter with arbitrary filtering shape

and linear phase,” Opt. Express 25, 9232-9243 (2017).] © 2017 Optica Publishing Group.
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5f_cl_ﬂ

. 2.5
2d F F (2:5)

R (25) BRTHDBHED, 74 FADKENZY FWHM IZME <D, SHREIBZE 72 5.

Af
0.8 —>
. 0.6

E ol Af
N F

0.4

0.2 *U

0 L L L
fm—1 fm fm+1

Fig. 2.1 Relationship between a finesse and a resonance line width.
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2.2 FERHEFE
2.2.1 IR FIES
AEMICER EZHMT 2 L BN EL, ZO0MOBEMEE YD ODKREXTH25WMEE P I3E
R E UToRBRRIC L > CEES TSNS,
P=xE (2.6)

ZIT, x FEXEZREMEIN S HHIERTH 2. NS 2 B\BHRBIGNGE XM I BT AT 223,
BHROKE XD 125 L PME BTN L TIFHRBINE T 2 ZehAlohTnwsg. T IT, JHMEE
ZE=0faT74 7T U FOR LS.

P =xE+2dE? + 4x®E? + ... (2.7)

ZIT, 2d, 4O ZEEMCRINBBRTH S [49]. L7=h - T, IFRBEEITEOVEE AS L5GE,
FIVER ASH L7z & 2RIEBHNZWHIRIBNS. Iz IFELEIR eV, D50 2R BRZ5]
S TLDBEZ K DHBETHHI N TS, JEEEFRITEERABFELE, HRF X MY v 73E, BR
R, BOAAEER, HRESRELH L. 20HTSH, RHFUEET 23ROV TURIZEFL (AR
R3.

2.2.2 BRULFHR

BROCFNR L, WHICASF T 2HEROKRKE XIS CTEITRIZNT 2HEDO I TH 5. EIfTEH
HEBFUTHBIL TR 2BRZ Ry VAR, HE RO 23E, OF DIEHREICHHIL TELT 285 %
Kerr R WS . Ry 7V ZAMRIZ 2 ROIEFIEEFRNR, e Kerr WIRIE 3 ROIEFHEALFINRICHEE A
5. ZEHHNC IRERAED D 5 IEH I, BHROMEDRERT 2 L MDA E b RIES 57280, 2 ROIEFRUIE
137K 3 RDOIFFEDBDBIFET 5. —T5, REMFMICR CEIZK 2 ROIEREE 2 F50.

A. RyTILZAHE
2 ROIEFIEE 2 OB ICIRE 3 2 XEBR B(t) = Ey + AE cos(wt) AT 3 &, S EZIZLI TR
TERINS.

P =2dE® = 2d {E{ + 2E,AE cos(wt) + AE? cos®(wt) }
1
= 2d | E2 4 2By AFE cos(wt) + §AE2{1 + cos(2wt) } (2.8)
= d(2E2 + AE?) 4 4dEyAE cos(wt) + dAE? cos(2wt)

SED, HREEEL AR 0, w, 20 DR EH-TVS, AE A By L AT HIAS AR (2.8)
O 3 IR TE 5. 2 HOREE P, b B L,
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2.2. FERRIECA

Py = 4dE,AE = AYAE (2.9)

ERED. TIT, BRERR x LETR BRI TORTRENS.

n=J1+% (2.10)
€0

L7eho T, K (2.10) 225 2egnAn = Ax TH 305

2d
An = —— E, (2.11)
Eon

PWOHORMESNDE. ZDZens, EBITROZLE An AT 2 HEROETRKS By W2HHlT2 2 en
DD, THERY FIILARR R,

B. ¥ Kerr 513
FALOFRED B 2 EIC K EWHER 2 FFONE E(t) = Egcos(wt) B AT 2 &, HHEEIIMLTOXTE
N3,

P =4\®E3 = 2y E3{1 + cos(2wt)} cos(wt)
1
= 2P E3 | cos(wt) + 3 {cos(wt) + cos(3wt)} (2.12)
= 3P E3 cos(wt) + x¥ E2 cos(3wt)

DD, SEEEEAREE w L 3w TIREILTH D, 5 2HIE 3 SfEIREET L 2R LTV S,
L A DGEEERGNRPMERN DA TE 5. X (2.12) 0F 1 HOFRKE P35

Py =3\ ES = AyE, (2.13)

LBIB. 2EL, Ax=3xOE2THB. Lid>T, EIRLEE Anid

3X(3) 2
An = E§ =nol 2.14
" 2eon ° "2 ( )
n =ng+ nol (2.15)

YRED. TIT, no EIEHRED 0 DIHFEDEITE, ne = (3n/con)x® IZIEEEIRR L IRIZN S, %7-
I =FE§/2n 3ERETHD, n BHEDA Y E—X VR TH 5. Z0O K S5IGREICIHHI L CEITRIE(LS
25N R %Y Kerr 1R & MEX.

2.2.3 BCMBEH

3 ROIALERE L 2D & 5 HRVIHE RO KIBAT 5 ¥ &, H Kerr R & o THIFED
B L CHEASEL 5. ZAUC & o THAISZ(L T 3B % HOMMZET L W5 . EFRAR (2.15) TES
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B BB % UL ko DI OV ADEERE Az Ty &, MAHZELIX Ad = ko(no + nal)Az TH 3 720DH
DHFEE

¢(t) = th - ko(no + TLQI)AZ (216)
TH5b. 7210, wo 3V ADOHDARBITSH 2. L7zh > Tl A BRI

do dl
_ i 2.1
= t—wg kona Az : (2.17)

7%, LkhoT, IBBEITER ny HMED L &, 4L >0 2723 0L AR BRI A E R 0E D A FE
BE D/ RY, O i <0 &3 0L R%EEOBER A EREBE P OAFER L D KRELS k2. 0%
D, HOMMHZFIC X > TOLRARPESROBEREIZL Y R 7 L, SAZBEROBEEZ I L—> 7 T35

Wi

Iz 5.

2.2.4 4CKES
FATEBERDS wi, wa, ws @ 3 DOWENC & 2 MHBFIILU FORTREN L.

E(t) = Bye?“t + Eyelv2t 4 Fael®st (2.18)

X (218) DHEFEZEZ DL &, UPOISICHEZET LHMADRREW.

1 .
Re[E(t)] = ) EEpe]th (2.19)
p==£1,+2,+3

DT, B, = B (RIY), w_p, = —w, £ T3, COBAN 3 ROIEGMATEERT 5 L =, R
AR RO & 5127 5.

1
P=4x®E? = §x(3) > E,E,E, exp{—j(w, + wq + w,)t} (2.20)
p,q,r=+1,£2,4+3

L7LC7Z7§’)VC, 3F%§ﬁ2ﬁ@%?§biﬁa}§]&ﬁ w1, Wo, Ws, 3&)1, 3&)2, 3&)3, 2&)1 :|:(,U2, 2(,01 :|:LU3, ZWQ:i:wl, 2w2 :f:w;g,
2(4.)3 + Wi, 2(4.)3 + wo, W1 + wo + w3 @ﬁkﬁ@%@*ﬂf%% Z :.T, {ﬁ”ibiﬁ)ﬁ”ﬂi@(ﬁ) w1 + W — w3 '/Czé E)E‘Z
77 DHRME | P (w1 + wa —ws)| ELTFD K S22 5.
|P(w1 + wa — ws)| = 6XPE By E (2.21)
W72 ARBE wy = w1 +wy —w3 £ T2, 4MKEEDEBBREEMFEIXATEZ NS,
ws + wy = wi + wa (222)
T, BEEICELTOREBRD Z e X, RAZMAHEERM LT,

ks + ks = k1 + ko (2.23)
X (2.22) &K (2.23) 3zhehhTox X —(RIFHI L EERAFHIZ R L T 5.
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2.3. BEHEEY

2.3 BEEHEREDE

TREE, BHOBEIRNPERICE s TRRZ I OREDES NOMICHEENEL 2BR %157, i
Z1E, TV RLNCHENE AGT T2, BEPKEWVIZEETRIIVNZI VW 255, BHESEVROWHKIZEST
NS, BRPFEOVEDIREEHT L THEEREB I L ICHIOREKEZE 5. KT 74 NTBVWTE
Z DRI RMMEEDDCOEBICERZEL, HIZIESVAZ T 7 A NCAHFH L TRVWERERST 2 &, K
RICK > THEDRR B Ted OV RIFIED B

HOEEEE->TH 2/ EDD, 1 DIFMEE, 5 1 DFFEETH 2. NHONAHSE X E RN HE R
L3 K, 1 EEDHRDONMHEPIFELVEPEDHED Z L 2165T. HOEHE Epcore = Asin (kz — wt + ¢)
32 (ARG, kGBI, 2 a0, o 3AEEE, CERRE, ¢ @A), At RIS ONA Az
DL &, AtBOD 2+ Az KB 2EHE Fager = Asin{k(z + Az) —w(t + At) + ¢} 753, Fpetore &
Eatter DAIMIZELVWDT, kz —wt+ ¢ = k(z + Az) —w(t + At) + ¢ & DNIAHEE v, ZUATD XS 1Tk
3.

1@:%: (2.24)

¢
n
—J7T, BEEE LI 2 WRMEOANEREDL INTERT 2BOBK, Thbb UM ETRE 15T
2 WRDHDESGZ ZNEN By = Asin(ki1z — wit + ¢1), Ez = Asin(kaz —wot + ¢2) T2 &, GHES
Eoyn U FORTHEENS.

Egyn = E1 + Ey = 2Asin(kz — wt + ¢) sin(Akz — Aw + ¢) (2.25)

72713L, k = (kl —|—k2)/2, w = (w1 —|—w2)/2, qb = (QZ51 +¢2)/2 (\: L, Ak = (]{?1 - kQ)/2 = kl —]{3,
Aw= (w1 —w2)/2 =wi —w, ©= (1 —¢2)/2 LBV K (2.25) D sin(kz — wt + @) BEKEZDF ¥ U
7 LW B BT, sin(Akz — Aw + @) PEREEATH 5. B (R ©FABTH/hE 08
BlEAk=dk, Aw=dw £ FTHIENTES. Lo T, UEHROELHE v, ZLTFDOEDTHS.

dw d 2mc d 2mcd)g 2mc /\(2) dXo c d\g

Yo dk  dk Ao dXg Ao dk A2 2mn? dA n? d\ (2:26)

ZZT, A BEEVOWRRETH 5. (AHEE & [FERICHEERRE & B2 O G®EE 2 BT 2 BRI R n, 27E
HTDY, ng BRDESCHRT LN TES.

c 5 dA od\ dn dn
R A Y WL 2.27
"=, " Ao dndre T "% (2.27)

U7ehioT, EIFREEMRITIED 5 258 SRR (AR &~ S, WEIC X > CREREIIRL 2. b
FHICERS B WEMOERIZ (1/v,) ZHE N THOTIUIRD 5 2 EHTE,

d (1 d (n? dx Ao d*n
Dy — R nTAA ) _ _Aodn 2.2
AT N (vg> dXo ( c dA0> ¢ dX2 (2.28)
Y3, 22T, REBICROMS HERE W,
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d\ 1 ) dn

R 2.29
d)\o n n2 d)\o ( )
2 2
o _ _2dn (2 o) dn (2.30)
dA? n? d\o n3  n?) dX\§

2D Dy ZOBRER e MY, BAUTER ps/nm-km TREN 2. U, HEME 1 nm © 2 EEDD 1 km
B3 2B U 2R 2 2R 5.
DEE IR T B BCIIEIRER f 2 WD Z e BZ W, EIRERE DA w) OO TT A4 7 —EH
B,
. 52 2 53 3
Q(W)—ﬂo—i-ﬂl(W—OJo)—{-?(w—wO) —i-g(éd—&)o) + - (2-31)
Y BB FFEL, B = [T e, (1 = 0,1,2,---) ¥ LTz, CCT, By ¥ s B3 (2.24) OBIHEE
WTERET 2 &,
51:1(n+wd_n):%(n+wd_nd_%):1<n_%d_n>:@:i (2.32)

C

= - — |~ — = — = = 2.33
B2 wdw2 dw ¢ dw? cd) dw dw ¢ ( )

c w [ dX2 T 21 dX2

1( d2_n an)Nwd2n_wdn dXo dn w{ 271'6}{_)\0}61271 A3 d*n
YiB. LEAoT, B IFEHRIERR, B EBEEEDEL (ps?/km) L MHENS. £z, BHRESEL B2 & EL
=¥ Dy BRI, X (2.28) &3 (2.33) oA TREI N S.

B2 =—-—D\ (2.34)

BERE D HOIBEITR n, ZAFNBTHMI LZb DL EMTHD, BEREDE By PIETH 3 & ZIFHE
DEVIECHETREAE V. ZOHEREETHE VS, —F, BRENH G DATH2HEEIEENE
WIEFCBHETRPAE V. ChEREFESRE VS . E0BUIRE Dy BEEEEDE 3, L BIFETH 5729,
LTS .

JEHT I RMKAFED D 256, M/NEHIRIFICE T 2 HIRFERE S 2 0B 22T 5. HiIRMFERED 5
LEHLOAEREE wo 2 L, p=0,4+1,£2,--- 2F— FES L U CHRAFERE v, RT. LIRAEIK
Bzu=0%bhT7r47—EMT L,

i

!

D, <0 TIEFEDE, Dy >0T

D
wy =wo + Dip+ 72,u2+~-- (2.35)

rELZENTES. Dy /2r 3R (1.4) TEBRINZMINEHIRIZO FSR TH D, Do/21 35 HUC & % FSR
DI NERTHEHTHS. bbrHA, IXUEOED ERGEE LTFSR 03T EL52 5. K (2.35)
D, Dy >0t ZHIRFEPRNI AN EERBANCS 7 ML, Dy <00t EFEHMIC> 7 b5 5. BE
SROYGE, BB E WG EBEITRIINS R 2720, HREEBUIESEEICS 7 v 35, LedsT,

7]
BEIHDOEGE Dy >0¢ VAS b, EEHOEGEZ Dy <0k 25,
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2.3. BEHEEY

SHUTE— PO, MRDE, SR, IFREIHD 4 DIZHHTE, ZhbDELEbETRENRS
WORE S, E— FABIE~LFE— R 7 7 4 NXBT 2 HEHICEEL TW5. ERIERESELE 2.2 TR
N7 HONMAHZEHZ EOIERACEEL TW3. 22 TlE, BREERDHE UTHEZEE fEriuc
DWTHIHT 5.

A. HESE
PR L I OMENC X > TR E 3 0HCH 5. MRAEEE (2.28) THA BN, A<Z FE oy O
YoV 2D L AT BEO MR ENC & - TIEDS 7o L RIS RIE o, 1ZUFORTEZ 543 [49].

Or = |D>\|O')\L (236)

—RINC, AEFTFIATTERY Y INE—RT7 7 A NOMESEIZHEEN 1.3 pm iIZBWT 0 &b, &
BIREWNTH S 1.55 nm IZBWVTUIK 17 ps/nm-km TH 5. Lo T, SV INVE—-—FT7 74 NZHO
72OV R ER DRI, MRIDEIC K 2 OV RIED D 6 T 2RS5BT HZER L RIT IR 5700,

B. #&&5H

BETREE, 7740 a7 ¥ FEeREEOHICE > TAEL 2MRIDEE EROnEEiES. MR
B EEDETOOHMEER., BEDOS Y IZILE—F 7 7 A NZBWVWTREREE 1.3 pm B W THDED 0
E4%. MESTEHEZa 7R, LR a7oEROMERELZZ S L DHlETS e TES. H
TRSMGIRZ BYNCERETT 2 222k D, BEREFCBOTESHZ 0 LW 7 F 7 74 "%, &
DD 2HERTOICREZEIZED ZOMDBETHIHZIRS MR AW T7 F7y V7748, @BHEOI VIV
ETE—RFT7 7 A NICKBBEETEHEIBIHT L5 ICEFBRRFTICBWTIER T &5 X 518G S e o EuH
BT 7 ANBREZEBTHIENTES.
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2.4 oM KerrYV) b
ST O YD [, WU OIS RB A BRI S [49].

1 0*°E o0’P

2 —_— —
VIE - S = o (2.37)
f:ffb, P ({ift (27) fi’%éﬂ%ﬁ\@%}gf% D , P = PL + PNL Z?% Z,
P, =xE (2.38)
Py, = 2dE? + 4O E3 + ... (2.39)
CELIENTES. Lo T, R (2.37) 3MBPEHZEZLDTUTD LS IHFEZHZoN 5.
82PNL
2 = [0~ 2.4
7z L,
0? n? 0°E
CiEW. E, F, Py, ZNZUIH LT 2 AANSEDFEHBEZL RO XS ICHRET 5.
E = A(z,t) exp{—j(Boz — wot)} (2.42)
F = B(z,t)exp{—j(Boz — wot) } (2.43)
Pnp = C(z,t) exp{—7(Boz — wot)} (2.44)

22T, A B, CRERHTENT 2 EBLKMTHD, By & wy & NZHFDDERES Y fE 1
MTH 5. MBEGER Az, 1) & B(z,t) ZHEERE a(z,Q) ¥ b(z,Q) VT ZRZR a(z, Q) exp(jQ),
b(2, Q) exp(jQ) ERTZEHTE, 1k (2.41), (2.42) BEUR (243) £ D a(2,Q) & b(z, Q) OERIZL T D
RTHEENS.

b(z,Q) = B*(wo + Na(z, Q) (2.45)

Blw)Zw=w) FDLDT2RDEETTA 7—BHTZL B(w) =Lo+L/Q+(82/2)Q% &3 (2 =w—uwp).
L7223o T, U &> T B%(wo + Q) 1&

B2 (wo + Q) =~ 55 + 260 ( /192 + P22 (2.46)
2

ERTZENTESD, 2z (2.45) ITRALT
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2.4. BoRYE Kerr YV F v

b= 5(2)(1 + Qﬁoﬁlﬂa + 50529261 (247)

Y S BRREES. X518, (0A/0t) = jQA, (02A)012) = —QPATH B0, K (247) BHUTO k5%
BRI A BORBFRAICEZHZONS.

0?A(z,t)
ot?

B(z,t) = 3A@Jj—j2&ﬁ1&A( 2

— Pobe——F,5— (2.48)

HUDIFRME 2 R DI EIC BN TIE 2 RO IEREM 2 AT E 3720, K (2.39) &b Pony = 4O E? v {RET

C(z,t) = 3xD|A(z,1)[2A(z, 1) (2.49)

TH%5. 1 (248) &30 (2.49) 2zl (2.43) 30 (2.44) TRAL, KDL E, F, Py 21\ (2.40) I
KAT 2L,
0 0 P2 A
(@;H%a>A—J@_—~—7MFA=0 (2.50)

2185, 7272L, T2 TEWw- <K b eZE(bT 5 ai&ual (SVEA: slowly varying envelope approximation)
ZHOWT 2 My OEEZRAT S22k D

82
922

0A

Al t)expl—i602) ~ (~i200 50 — B4 ) expl—i60) 251)

L, ELWIERBEE® - < DELT 5 C(2,t) ZEE L 2L

2

ﬁC(z,t) exp(jwot) ~ —wiC exp(jwot) (2.52)
ZHWz. 3 (2.50) BIERE Y 2 v —F 4 > A —J7E 3 (NLSE: nonlinear schrédinger equation) (Z3H¥ %

SERTHS. v AT TERS NS HOMHERDMRZR LR TH 2.

3
v = 2 ocwoy® = 2012 (2.53)

2  2c 7

R (2.50) B I OEEZATVS. WGM HREAD < 4 7 12 2F4E1 BT 22T 71,

Gy 2L —T 4 YA —FERNICEEE, ANV -, 7Fa—=VJHZEMLLbDTRHETL L
M TE, Zh% Lugiato-Lefever 5 (LLE) ¥ W5, LLE B TORTHREN S [5].

0A(0,t) D, 9%A
5 ———A—jéwA-l—] 5 202

+ JY|AP A+ /Kot Apump (2.54)

I, 0 BHIRBOTTOA, k BHIRBEH DR ko & HPEENDREER Ko DI, 0w 1ZAR ¥ AT
BZHJROFF 2 —=02 (0w >0TLy RFFa—), Apump ERYTERTHS. K (2.54) ITBWTIE,
AR LEROFID EVEHHRE T2 2 L TRITMREZEZ 28N TES. 2%D, k=028 /RextApump =0 %
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RET %. NLSE ORI NEHFRIEE] (NA 8K Y v 72> b)) Bfisech THEZX 6N 5 Z e 3HIHNT
W7D, EHEYYMNEEULTOISCHRET 5.

A(6) = A,sech (eﬁ) (2.55)

S

EREL, A RV U by ORBEFIRE, 0, 3L RETHS. R (255) 25 (254) IRAT 5 ¥,

1 — 2sech? | — A,l2sech? [ — ) — 6w = 2
2. { sec (93) } + 7| As|“sec 0. dw =0 (2.56)

218%. LdoT, BEETHERTHRE D, BLOTF 2 —=27 dw iZHT U TORHEAIBF LN S.

Dy = 0% A, (2.57)
Dy v 2
= = — As 2.
ow 2. 2[ \ (2.58)

DF D, Bkt Kerr YV P Y OFEZMFIE D, >0BEXU 0w >0ThHD, ZTHEXEESEHI»OLY KT
Fa—VTHHIZEKRT 5.

VU Py DAY— VRN FORTEZ BN S [14]. 7L, LA 7 13EELE (FWHM) T
724, sech? Bl L 2P O FWHM TIEHLL72E 7 = FWHM/1.763 TH % Z L ITHEET 5.

o zaneffﬁQ 1
no@ T

_ cf2
T=4/— 530 (2.60)

22T, ndEEED O HIRBANDHEEE SV ERTRE, Ay FZEME— FHE, Q 3EFD QMHETD
5. D% b, HIRBIKIFET 239 X —& By, ng, QITBWVT, BEDEDE K IFPERE L Q EA/HNE WV
FEYV ) b EERDAT —IZKELRDE., FTF a2 -V IR REIWVIEEVLRBIINE L, ThRbBER
EIERELS RS, 51T, T ARRORENT T 2 OHLLA JETRENI NS 2 MR 72 4 A R Aw DBEE Y LT
Tokckahs [14].

Pyt = (2.59)

_menAegfB2 D1 o (7T
P(Aw) = > 0 sech ( 5 Aw) (2.61)

LMo T, DT X—=RIZMAT Dy BDREWIZY, 32DbBEaLDFSRAPKEWVIZE T LEDRY —

WBRELRBZEDGDE. V) FYAasDARY MLid sech? DR Lo THED, A7 FLEERE Av
L oL 2 D REEEEIE At ORNSIEEL T OBIRIAAL D 2D,

Av- At =0.315 (2.62)

VYR ardD Avid THz A —XTHB 20D, YU Frasd At 3EE s A —&XTh5.
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2.5. BRA YoV RRE (FIR) 7 4 L&

2.5 BRA V/NILRISE (FIR) 71 L4
2.5.1 F1URIESWE

7ru EEe, #HELRE b ICHIER L RTINS EEOZTHS. i, HECTHH
PR EHYD BN, Yo VRERHREE T e 2 EROELRHITH S, ZhuTHL, a3 v a—
ZNTED b S &5 2R e KE XM REEZIS £ 2 X5 U INEBET 1 Y XUEE LT
R TAYRMERRT7Fa/GEID UL T WD, 7FulGEE7 4 DXVEBRERL, BE
KXo TEBEU7FuZGRIRET ZehEL{TbATWS. »2—ERET7y Fu /G502 HT
LYV Tew, HEARITO 2 #oMICEHRT 2 e &b S, BEZIRVRIVWESIZ
IR 72D SR E OB EEOBEHRICEI LD $27201F, 7FulGExsyr 7Y v e &itick-
TT 4 YRV EBICEMT 2R0ENH 5.

T4 Y ZNEBNEY R T A RRETT 2 L THEANRZ I, AT LT XS R s 5D,
BLREDEIRHNERD TV ELERETEIETHS. LEd->T, ANWEBHTBHANESDLH,
DFE DIRIBOLLSLNMHZCDIEMHAEETH D, ThESRT LAOGEERBE WS . ATk ) oRBFRE R
IR TN T 2 DEMTD 2720, 2 B WEh 3 2k v TES 2R HEED & 2 HICE#R T 2
ZIED, YRTLOBMPEGTR L. ERREEEE 7 -V AT 5 Z 2 & D EBEEHE T
5 EDARETH B.

DR CREBICT 4 DA NESIET 2 HmEZEMT 5. 7V Y EH, 4 VoL RINE L BAAA, 2
Ziar 7 — ) T EBUCE T A2 HERICOVWTHHL=D5, GRA VLV RAIRE 7 4 VX DJFE 2 HERIZOWT

RS,

2.5.2 7Y VI EE

7rIuIEEEY YT T ABICEERDE, —ERENOY Y TR EOREZL T VS Z
Y ThD. HEMIEY Y ILVEBRERD RNILK T2 ZePEE LW, ZOHEY Y TVBMBIEE IS
KD IEIFEPSERICR>TLES. Ledo>T, FREO7FuIEEINT 23 7Y v ZHRORAM
ZRDTHAS. Fig. 2.2(a) DX S IH KM T T 1 JFAWHRE$ 2 EXiK(ES 2R 37/4 TH > 7Y »
IITEGERERD. COLE, YT I LRBROBMERES» SO 7 e S GEEEEILL LS L
756G, BB 1/T OEEY 1/3T OfEEE2XAT 2 e TERWED, 7Y VY IRRE S - /h& L
LTI S0, Fig. 22(b) 0 k53> AV V7R E T/4 £ 558, FAEK /T OES%IEHICE
TLTBIENTES. 7V VIR T/2 D&%, BB /T o5t EREEZXAIT 25 2 e HT
XV, Lo T, 7RI EBORKEAFEEE fua, T 7V 7RERE f, £ 352, IFTOBEFKRK
R 3L &, MREHEE» O 7 Fu/EEERERIETTZ2 I TES. Zhedry 7V v 7EH

gWo.,

Js > 2fmax (2.63)
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Yo7 TREEBO 1/2 ORFBEE 74 F X FEBEBE VW, T4 F 2 MEEBUE fuax & DRE LR
U B0, BERREESDRRTZ b VES > ) V ZRIEETERDIBEL TWS 720, F4 %2 HERED
fmax RGO L &, F A4 F 2 MEABBLEDZRRT FLDBEDEED IR L DAY MLEER > TLEW, TTOH
FEEEHTERARS., Zh2T AV 72700, HOX A YHREHICEHEL TWb D% BRicx 4 v
DIEE o TRAZD KNGTANCHEEL TR AZD T2BREFELTH L. 7)Y Uy IEHICESIS ST
VY ZTREBIE T Fa G5O 2 X D REVAFER TRV, EBRIX 10 SEEOREETY Y 7Y v 273
5Kk TR EMICHIE - BHRT2Z A TESZ LI ICINTVAS.

Fig. 2.2 (a) If a signal oscillating one period in time 7' is sampled at 37'/4 intervals, the original

signal cannot be recovered. The blue line indicates the signal with a frequency of 1/7". The dashed
gray line indicates a signal with a frequency of 1/37. (b) If the same signal is sampled at 7'/4
intervals, the original signal can be recovered completely.

2.5.3 1NILAREBELEHAH

T4 VRNEFUI Y AT LN 5 ETRE ST RNEEHEERBENFET 5. TN L IRAZENT
H5. rhxh el FTHBEICHAT 5.

A. 82 2T L
LS AT L 2lE, A x1(n), xa(n) EHITy1(n), yo(n) WX LT TFOBEBRABEDIIOZ & TH 3.
ar-yi1(n) +az - y2(n) = flar - v1(n) + az - z2(n)} (2.64)

T 2T, nlFBERRER, a ¥ a0 IFREL, RS AT LOEMERL TS, TALERT L A1, B
BANCNT B AT LOMNDBZNZN T o TVWBE X, BEZRAD AT O A DFERITRI N
536, DA 2 HNEIBHO AN T 2N OBER TR T LB TELZ VWS 2 THD. Z
NZEREHLEDEHE VS,
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2.5. BRA YoV RRE (FIR) 7 4 L&

B. BARES X T L
REAE S X T Lk, AN ANRIEORRICKFE L BRWS AT 40 Z e 2153, ez icks
IV NOP RN

y(n—7) = f{z(n—71)} (2.65)

T, TIE—EORBEIETHS. OFh, FEELE r TAHEINESOH L, F U WERBERRE 7 721
BNUTHIEINE7ZTTHD, BIBICZIEEBRVWEWS 2 TH 5.

ROHEGRTIEZ O E AW ZRITRICT 2. £3, DL AT LICHAA VLR EBEANTEZ
YEREZD. BA VoOOLRABEBERBMUTORTRINDS L5112, KE0IZBWTDAKEXIN1THD, &
DDORHICBVWTIEIREZINR 0 THAEFOIETHS.

_J1 (n=0)
d(n) = {O (n £ 0) (2.66)

B A YRV ZAEEE AN LEBOM N E A L ZEE L WY, h(n) TRT. 22T, HB3AN 2(n) &
B A YRSV RAEFIRBZ 2T T LY I ORMEST O LRELADELDDEEZ LN TES
D, A x(n) 1S3 AU TORTRENS.

y(n) = > h(n—k)z(k) (2.67)

k=—o00

D &5 KD % EAHIAA (convolution) W\, (L L TUTD XS ICKELINEZ L b DH 5.

y(n) = h(n) x xz(n) (2.68)

2.5.4 z BB T7—1) IER

BEBURFRS > A T A BATICBWTIE 2 BDIEREICERHTH 3 Z & bRz, z ZHOEERZ LI NIRRT

oo

F(z)= Y f(n)z™" (2.69)

7 ZHUIFIBED LD LD, $EEEZ LY IAMELEZ I L IZERRL LS 2R LS IC 2 HIRTIX
TR ENPFB LI T S, LMo T, K (2.67) IR LTz ERETS &,

oo

Y(z)= Y > hn—kzk)z"= Y hn)z" > ak)z"

n=—oo k=—oo n=-—oo k=—oc0 (270)

= H(2)X(2)

Y725, Lo Tz BHICE > THANESE H(2) & X(2) OB TRTZenTE, At holt
B RO TRIND Z IR 5.
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Y(z)

") =30

(2.71)

ZD H(z) ZoERE e WS . £, BiA VSV REESD 2 2 1 THB720, 4 V2 OLZNE h(n) D z
EHUIMEEBBM e FE LS. LD oT, YRATLDMEEBABERDIVE ElX, AT LITHAA V0L
ZEBEANLTZOMN % 2 ZFTHI IV 2Tk 3.

2 B X o T R T LDIEEBBEDIKRZ E, TNEHWTI AT LOREBRBICERZM S B TE5. B
TRINCIIRERB D 2 % @ TEBEHZ 2723 TRL, FREIGEIMToRTEREIN S,

H(w)= Y_ h(n)e 7" (2.72)

ZAVIBERRER 7 — ) B0 BRI T 2. DD, 4 VoL RIBE R MR 7 — ) &S 2
BBEM B2 e TE, ZHIHMA YL AEERETORBERS 2 EATWE-2DTH 5.
RIRICS AT LORBEMHICOWTIHRS . WRIS 2T 4213, HEELD AN EEDOHNICHELE 2
BWSATLDZETHS. RINTDHZ2RDH T %KD BB ARKRD AN b B § 5 > AT L% IERIERK
VAT AEMER, —RINCT 4 PXNEBILHEY X7 AZRBNTH 3720, LOBEARAAR 2 B, 77—V
IZRTIT 0 D HHEERETOMTHITH S.

2.5.5 TA4THILT 1A

TATENLNT A NVRIEKELGIT2O8ELDD, 4 VSV XIBEDPEROEXTHS2HD% FIR 7 4
V&, FROEXTH 2 H D% IIR(Infinite Impulse Response) 7 4 L2 W 5. FIR 7 4 LV RITEIZKET
HHFRMEAHEZEFERTEZ 5 —7, IR 7 4 VR BDLROTKETRAIEZR 7 4 VAR O 2 2D Fl
DENEND S, 74 N RIBEEHOENC > T4 20FEICT IO, KEZERTZ20— 27 1)L
R, EEEBEERT ENANRRT 4 VR, FEDWBEZBERT 52 R T 4 VR, FEDTEZRET B
YRR TTUNEDDD.

FIR 7 4 VR TIIREAMHPEBRTE, CHEFT AT 22K T 5 L TIEFICERETH S, BHEMIZT R
TLADANE HITOREEZAEN 0 THZ Z e HAEFE L WA, BEMEHN & AT OMICIEHERIGREIET
5. TOYRAT AL BBRFNEIESICEENLFRBIC Lo TERZ E, HHPIEHEATL TV ENY
WZRHRWV. LedioT, YOREEBICBWTHEBERENZED SRV ek bh, ThZFEAMHEE W
5. BB AIRIER M & AERFEIC T o, ANESEBBICEREL kY TLDBREEZZT % &
X, (AR e IOk ¥ 570, Y RAT MK BAHEE O(w) = —wk ERD, ZAUIEREBICH LT
ETh3.
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2.5. BRA YoV RRE (FIR) 7 4 L&

2.5.6 FIR 7 1 JL 2 DE&ET
A. SRR

FIR 7 4 VA TEA VSV RARERBROEZITH 272D, A VNV ZAEEDRXEN 5. ZOL %,
I T XS 1icRE N 5.

H(z)=h0)+h(1)z  +h(2)z72 4+ - + h(N —2)2~ V=2 L h(N — 1)z~ V-V (2.73)

COR% 2T T2

N-—1 —1 N-—-3 —3 N-—-1

H(z) =z "7 {h(0)z"= +h(1)z 2 4+ +h(N=2)z""7 +h(N—1)z 2

} (2.74)

£%%. L7edioT, BABEEINER 2 =¥ 2 AL T

N N-3

T h L (N —2)e T Y L R(N = 1)e 972 @) (2.75)

H(w) = e 7 “{h(0)e! "= % + h(1)e]

N-—1

Y%, ZZT, e T Y THELNIFRDOESITH LT

h(n) = £h(N —1—n) (2.76)

MDD T3L, 45 —DRADLLITESNTZHFDERTIEA OV ZVEDERFRD & 2 EEIC, AR
D EMBRUCI D, Lo T, BABBISEIREICLITD L5125,

[H(w)e ™5 (A1)
H = L N—1 - T
) {\H(w)\e_32w+32 (#FH1%)
L7=D3oT, 4L RIBED (2.76) O X S5 ITFMERGE- T & &, > X7 2 DMMHINVEIZFRIEALHE & 7

5. 9%bD, FIR 7 4 VEZEH T BEEA V-V ZAEDRIME RIS WL S ICT 30 ERH 5.

(2.77)

B. 71 L R2&EHE

FRED 7 4 VEEHERR 2 BE, FBEBEEZRET T 20 EN D 5. FIR 7 4 L X OFGHEIITRBIIE
27— ) IREGER DD B, T I TIREBEBTEC X AFFNTOWTBRNS, BEBIEL X, FIZEO7 41
SRR B 7 — ) AR L 20 B, BRI THERDOA YV RIBERRET 2 5IETH 5. fl
ZIX, BN e — 27 4 L& LT Fig. 2.3(a) D7 4 VXFERGZVWE T 5. ZhekdEsi 7 —
VIZHd 5 & Fig. 2.3(b) L5112k, THCEEBZE»T 5. PIZIE, 4 Y VRINER%Z 100 £ LT
PR (EFBNT 1, Zh DA OMEIET 0 L2 28BBE) 20005, 4V OLREEIR Fig. 2.3(c) D& 5
WHIBR 5. BERNRT = (27 4 L RIETIRLERRT Fig. 2.3(d) DX 512D L, EHEEE »
JTHIR SN A >V RIGE 2 BERURE 7 — V) = Z 1 L 2B OIRIBINE X Fig. 2.3(e) D& S1X% 5. 4~
POLVRINERDHIR STV 2 7 D@ B 2 AR X HHELH»CR D, HIBROMEHIDNEAD LT 353,
FHIEO — %R T 4 VEDRETTETNS ZeBDDn5.

BEBOBBEIIIEER, NSV I8, NIVIR, TI99 < VBREDPDHD. I OREBEEIED
BIEYLTAL B —TDABIX Y ZAFIv I LY IBHE. TITEIXAFIvILYILEALY
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HoE M

D—7tH A Fa—TolkdZ 2453, PR, FERIIRIRZX A > a—TDREE2 Z LT E 523,
RAFIv VL UIFNEL D, — T, NI UVITRIZFERID XA >a—TOIRPESRL»ICREH, X
AFIvIVLIYIRBRELRD. ZDEIRXAL YO —TDRAKRX XA FIv 7L IF L —FA 70D
RICHD, COBBEMZEIDPRBED LSBT 4 VEARHEEFWHRICE o TEDS. TITRRESHWSAR
TWAINI VY IRZERLTA VSV RANEERET 5. NIV IZRBREMU T TRENS.

)= 2 (12 ) (222) -

ZIT, M3IBETH2. "I VIFRITEDEIEFEDA VOV REEHIR L 72#EHR % Fig. 2.4(a) &R
DA VL AIE R HERRR 7 — ) =& % ¢ Fig. 24(b) Dk 51Xk D, HEEOSHEE L L T
BRI T A VRBIRTEDH2d DD, 4 Fr—IABKIRCHEDI L T0AHEFRRTHNS. BER M 2K
<95 KD AL THERZR 7 4 VARG WREZIG2 2 e 3T E 2208, IWHEHENKELRoTLE
5720, HIRET 4 VEKBIIHIR T 20EN D 5.

(@ !
08+ -
§ 0.6 — -
L4t .
02+ _
0 | | | | | | |
-5 -4 -3 -2 -1 0 1 2 3 4 5
Frequency (GHz)
1 w w T w w 1
(b) (c)
05+ 1 05+
O 0 '''' A "hYAVA\lh AVAVAV"VA """"
_05 1 1 1 1 _05 1 1 1
0 200 400 600 800 1000 400 450 500 550 600
n n
0 0
(d) (e)
-10+ -10
o) o)
320t 320t
3-30¢ 3-30¢
= ==
-40 -40
_50 1 1 1 _50 1 1 1 ]
0 1 2 3 4 5 0 1 2 3 4 5
Frequency (GHz) Frequency (GHz)

Fig. 2.3 (a) Ideal low-pass filter. (b) Impulse response. (c) Impulse response restricted with a
rectangular window. (d) Ideal low-pass filter displayed by dB. (e) Amplitude response obtained
from the discrete-time Fourier transform of (c).
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(a) (b) °
08+ 10
0.6 -20
= -30¢
04} S
?3 -40 1
0.2 1 =
L 50t i
ANA M..".

0 'JV\AM] MN\' -60 |
_0.2 I T _70 L 4
_04 1 1 1 _80 1 1 1 1

400 450 500 550 600 0 1 2 3 4 5

n Frequency (GHz)

Fig. 2.4 (a) Impulse response restricted with a hamming window. (b) Amplitude response obtained
from the discrete-time Fourier transform of (a).

C. 7128

FIR 7 4 L Z ORI TRES, IES, Bl rHWTERT LN TE S, Fig. 2.5 2O Z2RT.

TANERTEE N 352, FIR 7 4 VZOLEEBRBREZIUToORTREINS.

H(z)= ) h(n)z™" (2.79)

L7oT, AJHMES%Z N HIZHEI L TREHFETZENZNIZ h(n) DEANTZ L, ZASZEIERICE-T

1Y TN ORIEXEDOBICNEGRTMETUIFIR 74 V22 T2 2 e TE 2.

X(n) » Z—1 » Z—1 S —_ ) Z—1
__h(O) h(1) h(2) eseeee h(N-1)
"U "U > "U > y(n)

Fig. 2.5 Structure of an FIR filter.
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F3EFE YU OLOER

RETHE, YVavyrA 74 R UIHRBEHWZY U by asaofElizERiconwtitiNg., 77
NV R EFREAEZE 2701213 300 GHz O DR UEEEZFDO Y VU F ¥ a A2 ZERNIHE S & 2 B8
HY, VavFA 74 RY Y ZHERBIIEVE DR UBEBEERDCER T2 e PARETH 3. X B,
Pound-Drever-Hall iEIC K o CTTFF a—=Y 7 ZEEL, YV brar@BEORENEITS.

3.1 E8BAZE
3.1.1 &t wv b7y

Fig. 31 XYV b ryarsfEfod0ERLy v 7y P23, £3ELEIHEE LT, santec HOKE
AZL —F XA A4 —F TSL-710 2 M L, HEEFH 1550 nm, JE87 —13 10 dBm IZRRET 5. e
% PDH v v 7 O 7 DICESKOCHEMMHELH SR (EOM: Electro-optic Modulator) I At € 2%. EOM 121
Photoline Technologies # D1 12 GHz T» % MXAN-LN-10 ZH\W3%. D%, TA LYY AHKNT 7
A NHIEAS (EDFA: Erbium-doped Fiber Amplifier) {ZCTH v —% 1 W £ THEIET 5. EDFA 121X
PriTel # @ PMFA-30-10 ZfHW2. HIREL 62 7 —F v ZETHOW LN 2 HBEN Y REZLHE (AOM:
Acousto-optic Modulator) IZAHf ¥ 2. AOM 12l Gooch&Housego D 40 MHz TH % Fiber-Q %
Huwa. 2ok, 3 dBwEEIED 1 nm TH 2 Alnair D TFF ) — XY R 7 4 LR IZ X - T EDFA
12 & % BARGTHENE (ASE: Amplified Spontaneous Emission) #& % RE5%. 2L T, WXz var
FANITARY Y THIRBICANIE, vf7nasre2RBEIEE. AOBHIRBD T X =&, FSR 2
300 GHz CEFEK 160 pm, NREEERIEAY 1.6 pm, Y > ZIEHY 1550 nm, NREEEE UV JHOF ¥ v 7
A3 500 nm TH 3. FAWVZHIRIBOEE%R Fig. 3.2(a) IR T. FRLEERS X112 X 2 HIRFEOZH) 240
fil3 2720, HRBOBELZEEIY bu—J1I ko THEICHEEST 2. HIRBOBELIX 99:1 THIEL, 1D
F AT M7 FF 44 (OSA: Optical Spectrum Analyzer) ICAFZETY Y MY I LDARY bL%
BT 2. 9DHFEY —F21L—XZ@BLTI7ANTFv 7L —7 4~ (FBG: Fiber Bragg Grating)
SRS S, BRE» SRS e a sk EEiS 5. FBGI2IE 3 dB #EIEAY 0.5 nm TiEFHA 30 dB X
ET# % FLT photonics #® TFBG-1550 Z{#H 3 5. KEHFEZE 1550 nm ST 2 2212k h, R 7
HPRF LT —F 2L —RICRS. DHELARY TR aLBEB L BAILNT v 74— X THAY — 2%
L7Db, 74 b7 4 727X TRNTS. aL0EFRZ0EEAI 0 Ra—-FTEBLZEIAIL, K> 7o
BEERTF2a—=VJHEBLEPDH vy ZITHWS. TFa—=VZHETIE, K 7ED RF E52X
7 My NV =27+ 5 4% (VNA: Vector Network Analyzer) ICANIL, P v Fr 7Yz xlb —XDH
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3.1. FEBITIR

HEMEHERTEOM AN T 3. PDHrY 7T, RY IEEOERKAS %S v b LT RETFERSE (LO:
Local Oscillator) 22 5DEEL I ¥V 7L, B—rSR 7 4 LR CEBEN L-0bH —Riczs—> 70
EANNTD. 27— T FNIESREFEIODESEMELTAOMIZ7 4+ — KXy 255, ZHITEoT
TFa—=VTOTNERyTIRT —THlElIT 2 LHNTES.

7
¥

v RFin Adder Mixer v
Splitter
O3 0)—{oceat P oscEd
VNA 1
LO [ servo [—2X| LPF VOA
SG 1-2 GHz "1/10 1.9 MHz OSA
0dBm N
N M 1 =<> Microresonator | i |
E _ EDFA 1l BPF O 1 FBG VOA
*ﬁ »[EOM AoMy— | —»l—vgg *7
1w - SiN ring Circulator
LD PD

1550 nm

10 dBm
Fig. 3.1 Experimental setup for soliton comb generation. LD: laser diode, EOM: electro-optic
modulator, EDFA: erbium-doped fiber amplifier, AOM: acousto-optic modulator, BPF: band-pass
filter, OSA: optical spectrum analyzer, FBG: fiber Bragg grating, VOA: variable optical attenuator,
PD: photodetector, SG: signal generator, VNA: vector network analyzer, LO: local oscillator, LPF:
low-pass filter, OSC: oscilloscope. The yellow arrows are optical paths and the red arrows are

electrical paths.

A

(a) (b)

Sideband Frequency

C-resonance

VNA response

S-resonance

Modulation Frequency

Fig. 3.2 (a) Picture of SiN ring resonator with an FSR of 300 GHz. (b) Schematic diagram of de-
tuning measurement. S-resonance and C-resonance indicate soliton resonance and cavity resonance,

respectively. Sideband frequency is a frequency output from the local oscillator.

3.1.2 PDHOwv Y

PDHEIC & 2T Fa—=rruy 7 2E BT 5700 BANLREFEZL OB THS. £3, VNAOD
xR 2 & Fig. 3.2(b) O X 5 WAEEDSEMT 21200 TY VY by HRE F v ©7 4 HIRO ¥ — 27 HIHER
TE57%D, ¥y 7« HIRFRE L LO O BRD —$ % X 512 LO QAP ZRES 5. X, LO
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F3IE VU FrarDER

OEFE R E DI PICENZIBTTEAI R Ra—T T -y 7 FNDBEELEZHEL, BEEN 01K
XM ZHET . COAOOERRTY —Rouy 72 EETIL, A4 AV ERF v T 4 HR
Ry 730, Ky FRRIEY Y b OB THEERNIC e y 7 X3,

3.2 EERER
3.2.1 Q &gE

Fig. 3.2(a) \&7R L7z SIN UV ¥ ZHAREROBENZ EH ST — X — X AH X, DAQHBIICE D L—HK
RYEBAYV—ZIEL 0y b LEERE Fig. 3.3 18T, Hao 7oy vEF—%, R 7oy b
749747 THS. HIRKERIZ 154989 nm THDH, a—L Y74 v 74 Y IDOHBEZHELLL Z
2 QfEIX 2 x 10 TH - 7-.

L
o

L
oo

Transmitted power (dBm)
|
N
o

-22
—-24

data
-6 N e fitting | |

-200 -150 -100 -50 0 50 100 150 200
Relative frequency (MHz) @ 1549.89 nm

Fig. 3.3 Resonance spectrum and Lorentz fitting. Fitting results in a @ factor of 2 x 10°.

3.2.2 A>OX—TDEH:

Fig. 3.4V V byarfECBI 24 nRa—7 LoEEERT. BOOKFBIZRY 7, REDHEFY
Fa s, BEOEIFIE AOM OBFE, FROWFIIESRAERICESZ 7V FHEEZERL TS, Fig. 3.4(a)
FEREEFRTREIL TOW2RETORTEZRLTED, Ete a o =ABROBEIBRIX N7,
E##51 2B LT 5 14 ms 12 AOM BEZBFICHEBSE, YV P EBICTRY PR 5 &
I, BEREFD VT EZNPITITY Y Fr2REIELL ZOMT % Fig. 3.4(b) IT/RT. K Ite
ALNEDITTAF VY P YEBTREL TWE Z DR T,
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3.2.3 VUFOALDODART LU

Fig. 35 IZHAELLS IV Y P YA LbDARY MVERT. RY FHEEKEIE 1550 nm TH D, FSR &
299.5 GHz, A7 FUZ 1400 nm 225 1700 nm IZFE > TR > TWb. I LFEDOE—27 87 —1F —7.6 dBm
TH ol ROOEFIIERKIRE sech®(x/a) DIVIRT T4 v T4 Y7 LERERTH 2. HRICE->Taso
BRERA RS 2L ICHERL, FREERE? SEERBERDZ IO T4 v T4 Y T RIToT. %
DFER, 3 L DAEIZ 1400-1700 nm IZBWT 12T KTHH, AXRT MVIEDED DR a ld 124 TH - 7-.
aLDPFEEMEREZ AN 2352, FSR #299.5 GHz TH2Zens, a2 20H0LEE 1570 nm I2BWT
AN =246 nm TH 5. L7 >T, FWHM = 1.763aA\ 2> 5 ARZ bLD 3 dB #IEREIHT 22,
54nm TH2 Z e B0 orz. TIUFFEBEBICHE T2 249 6.6 THz IHY L, R (2.62) 5 0L 2 DR
HENEIIR A8 fs TH B Z Loz, OF D, SOV AFHGKE 7 13 27 s TH 3.

Fig. 3.6 ITIE7TF 2 —=V 7 DZLIT LK 2R L2~ A /70 a sfBBDOAXRY MLz, Fig. 3.6(a) &
Fa—VrrRx—rans, b)(c)iEFMIas, (AEN=4D—T7=z2 VY27 YREZL, (e)ld~

Fig. 3.4 Waveforms observed on an oscilloscope. (a) Waveforms when the laser wavelength is
modulated continuously. The yellow signal shows a transmitted pump signal. The green signal
shows a comb signal. The orange sigal shows a voltage of the AOM. The blue signal shows a
ramp signal output from the signal generator. (b) Waveforms when a soliton comb was generated

J

successfully.

w
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o

Power (dBm)

|
w
o
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60
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il

Fig. 3.5 Optical spectrum of a single soliton comb. The blue lines indicate a soliton comb. The
red lines indicate a fitting of an spectrum envelope with the shape of sech?.
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F3IE VU FrarDER

LWFVY LY, DHETY AV b THB. (a) 25 () IHERT 21V, 7Fa—=v7E7L—7F
Fa—VhHLly RFFa—ZkoTWh, MI 2 AIZHRTPSCRI Y7LV Y R IIEOLLRART
NEERRE R L TWAB., F/0 YAV ) b LT F V) bR PSCODAER ALY —TRKEL,

BEENR SN L BTh 5.

(a) (b) ‘ ‘ ‘ ‘ ‘ (c)

20 - 201 20r

or of ob
-20+ -20t -20t
~ 40 -40t -40t
G l | ) )
M -0 : -60 -60
O 1400 1450 1500 1550 1600 1650 1700 1400 1450 1500 1550 1600 ~ 1650 1700 1400 1450 1500 1550 1600 1650 1700
b
o (@ (e) Gl
O 2} 20+ 20+
o
or or of
-20+ -20t -20t
-40 - ‘ ‘ } -40 -40t
-6 \‘H Ll 60 } ~60 J
1400 1450 1500 1550 1600 1650 1700 1400 1450 1500 ~ 1550 1600 1650 1700 1400 1450 1500 1550 1600 1650 1700

Wavelength (nm)

Fig. 3.6 Different states of microcombs. (a) Turing pattern comb. (b)(c) Modulation instability
comb. (d) Perfect soliton crystal (N = 4). (e) Multiple soliton. (f) Single soliton.

3.2.4 VNA OEH

Fig. 3.7 IC VNA ZHWTTFF 2 —= Y 72 HE LR EZTRT. TRE—27H 2 OMEETE, KEBAO
V—2mY U bR, SARNO Y -2 8RR EZ R L TWS. YU b IR K DIRERANC R Z 2
AL DE ) ARTH %, HIRFHEIRICERZZ XS CRZITWS 1 D084 ZI3EEHEIRE» & 0L HI(E
BThY, ZHEBEEEIZ1.67T GHz THho7z. LED->T, ENFFa2a—=2131.67 GHz THDH, ZOF
Fa—=VYITPDHOUY 2R TF5 I XD RELTYY P 2RESEL I ENTEL.

1 0 T T T T T

L
o o
1

VNA response (dB)
S

_60 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3
Modulation frequency (GHz)

Fig. 3.7 Result of detuning measurement with a vector network analyzer.
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FT4Z 300 GHz ERERE

ARETE, YV brarzfuni 300 GHz BROFEEICDOWTIARS. 300 GHz FEil O FEA I & #
BADIGHR, ROEBETIHERZ T IAANVIEHFD 7 + b =v 7 7 4 VRITEHT2Z2e»nTES. VY b
I LD IRLUFEEEBIE 300 GHz TH D, 7L A ERKEEFEFEZHNE Ik D YU bra oL
72200ME—FZMDHTIENTES. ZNEHEETFY V774 P XA A —RFTRNHTHILITED
300 GHz B ERAEXEZ N TE, ¥ T I VPRV X=X EAVTAV—2ETEIICEDTIA
IV B DFA LR T 5

4.1 EE&RHE
4.1.1 EERHIS

Fig. 4.1 12 300 GHz BEEFEEICH W2 EREREIEZTT. (a) &7 L A EEBEEH T (AWG: Arrayed
Waveguide Grating) T® b, JEHEEEE 100 GHz O b D% HH T 5. F v $/11% 1535.8-1560.6 nm DRI
32 F ¥ FAAFIEL, B 3 dB HIIEE 0.6 nm DAL, #A#EKIE 5.5 dB KiTH 5. 300 GHz H CHIfES
27+ 7472722 L7T, (D)IWRTNIT A/ RN=F 4 TFNL ZBOBE—ETXFv V77 % &AL F—
K (UTC-PD: Uni-travelling-carrier Photo Diode) Z /3 2. HJIEEEHIIE 220-330 GHz, ZHIEE
1% 0.15 A/W, THz 7187 —I3EEIRH 7 mA (X — HH#HELE(E), N4 7 REED —1 V OGEICH AR
300 GHz IZBWTHFE —11 dBm TH 5. F72, UTC-PD ORI IIRIIKRIFE D H 5. 300 GHz &
BRAZHAT 250 LT, (o) WRTHSRIMEMAANEO WR3ABHENY K27 4 LEEHVS.
AfBHIE —2 dB BUF, 3 dB #8id 290-310 GHz, 285 8 XU 315 GHz I2BWT 30 dB ML EOHFHITH 3.
X 512, 300 GHz B D AT —%HET 57912, (d) \TRT Virginia Diodes HOH 7 I VF 7 — X — X
PM5B 23 5. ANV —0#HiFHIZ 1 pW(—30 dBm)-200 mW (23 dBm) TH 3. & EREE P,
7RI REBMTHERT 5 Z212& D 220-330 GHz iIZx G LTWwW3. UTC-PD, EEE 7 1 L&, RV —
X —RFENENDEEMDDH 2 7 5 > 2 (UG38T ¥ UG3STP) THRATRET H 2. HEHEOMIRZHEKTH
b, MEZ 0.864 mmx0.432 mm TH 3.

4.1.2 Rty b7y

Fig. 4.2 12 300 GHz BHFELED -0 DFEEELy F 7 v TR/;RT. 2413300 GHz HETH D, AWG &
100 GHz BEFRTH 272, 28D AWG OF v 1V % 3 OB IE IR L THRT 2. AWG KDY ES a
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4% 300 GHz BIFE

LfR%E 2 AR D H L, EDFA THIEL7=0% UTC-PD IZAN$%. 2D, 300 GHz BHEE NV FRR
T ANREHERIETHS 300 GHz BIREZY 7 I VIEAAT—X—XICANL TRV —ZHIET 3.

Fig. 4.1 Experimental equipment for 300-GHz wave generation. (a) 100-GHz channel-spacing ar-

rayed waveguide grating. (b) Uni-travelling-carrier photo diode. (c¢) 300-GHz waveguide band-pass
filter. (d) Calorimetric power meter.

Comb AWG 300 GHz

300 GHz
UTC-PD
‘ H““In. EDFA y ipi
[: * = |—"Power meter |

Fig. 4.2 Experimental setup for terahertz generation using a soliton comb. AWG: arrayed waveg-

A 4

uide grating, EDFA: erbium-doped fiber amplifier, UTC-PD: uni-travelling-carrier photo diode,
BPF: band-pass filter
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4.2 REFER
4.2.1 AWG I2&3 ALBOYIDHL

%9, AWG IZX2 a0 L %E1T-o 7. Fig. 4.3 ICZOEREZRT. (a) 1F 1546 nm IZBWTRY
TLiYV v rarsz AN LEBRORF » 2 VOEBEOMTFERLTVWS. n=0,1,2,--- LT, Fvx
N1+3n 3Rt vy b, Frx243n i 3FEO Ty b, Fr 2 3+3n i30Sy FTRLTWL
L., FrxA 243 CAYRIZBIFAYVY brarZzhZFhoa sffolEEr 8L TEY, ZoMoF v
FUE 3 LEROBNSEBTFIDIEET 5. Fig. 4.3(a) R TH2 28D, AWG OFFEFE R (C N> F)
KBOVTIEF ¥ 2L 2+ 3n DAIEBBLTWVWS. T, ZOMOF v 2BV TIE C Y RTINS
BB L TWARWLA, 1500 nm B & X 1600 nm (HEICBWTHEER 70X b — 2R s, EBIC UTC-PD
WANTA2HEREIFZCAYFOHDEHAWTED, %72 UTC-PD O A SEEHEE#EIFIX 1540-1560 nm TH 3
72, ThoDr7uZA b —23E ALHELRZ W, Fig. 4.3(b) 13F v %L 2 4+ 3n DBERARY M EIEK
LTHERRLEEDBDTHS. 1546 nm ICRZ 2 BEEIER Y FHETHD, 11 RKOarfGedb 32 e »nT
X7-. 300 GHz BRFEIIZ NS DI BBEE L 2 KD a a2 ERTRE TS TH S0, H5EDT +
F=w 7 74 NRZBEVTEYUID HT a 2BORBHBZ VT BRNT 4 LARHERE2 Z L DARETH 5.
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ch 1+3n
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Fig. 4.3 Spectra of transmitted light with AWGs. (a) Spectrum of all channels. The red plots
indicate the channel numbers of 1 + 3n (n = 0,1,2,---). The blue plots indicate the channel
numbers of 2+ 3n. The green plots indicate the channel numbers of 34 3n. (b) Expanded spectrum
of channel 2 + 3n.
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4.2.2 UTC-PD I2&% 300 GHz EEEE

300 GHz Bfii17z 2 RKOBEE L 2 a 2D ARZ P V% Fig. 441287 . a2 L OEEKEX 1554.8 nm &

15572 nm TH Y, (a), (b) iZZNZH EDFA T X 2 #lEH] & IR D AR P L THS. UTC-PDIZZD
BEHZ U7z a 288 AN L2 ORR % Fig. 4.5 1ORT. N 7 REBEE —1.2VTH3. (a) EHAS Y —
Y HEROBER, (b) IOEERE HS T — DR, (c) AT =BV —DBGRERL TS, K
BIMOHRAHEREIX 7T mA THD, ZOL XWIHBELRHEANIRY =3BLZ 13dBm THo7%. £/, ZOL
ZOHN AT —1Z -9 dBm ThHo7z. ZHEEIZ 035 A/W THH, ZHUIX—HhDOILFEE0.15 A/W % £
[l o7z, JEER T mA Ot 2D AN N OZEERNRIT —22 dB (0.6%) TH o7z RPN IRIEIC X 28T
WOFER, ASH8Y— Py, [dBm] & /187 — P,y [dBm] DRIRIX

Pout = —41.33 + 2.46 x Pi, (4.1)
THDBZennholz.
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Fig. 4.4 Optical spectrum of adjacent two comb lines (a) before amplification and (b) after amplification.
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Fig. 4.5 Specification of a UTC-PD. (a) The relationship between the optical input power and
the photocurrent. (b) The relationship between the photocurrent and the electrical output power.
(¢) The relationship between the optical input power and the the electrical output power.



£F5E 300 GHzF 74 bZwvoT7q0ILA

ARETIX, 300 GHz HCTEMET 274 b =v 7 7 4 VRICHT 28 FAEFOMRICOVTIAR S,
300 GHz #f 7 # b=v 7 7 4 L RIIIERGEFICBIT 23XEY AT A TIHERT 2 2 e A TE, [RARIESR S
RATRENE, BHIEIRIC BT 2 @0tz e ofE»H 5. £, B—ETF X V7 74 FEA X —FEHVE
Ba® 300 GHz H7 + b= v 7 7 4 VX DJEARBISE 2 BERIITKD, TEROR—=ZANNY RIZBF57 40
SZRFE LB LR 5. i, EBICY UV b asEHWT 3 DOMBICBWT 300 GHz Hi 7 + b=v 2
7 4 VEZDEBRZITV, BHEME L RO EMMG N2 PICDONTERET 5.

5.1 IR

N ADaLDERER Ecomb BRXATEZHNS.

N—-1
Ecomb = »_ /p(n)e’r? (5.1)
n=0

22T, nFE—FES, p(n) Za DRV —%2RLTWVWE. ZOEREARFEE wrr TIREIT 2 E5LHAE
BCHREZFMT LI 2EZ 5. LN ELHAROLREBES XCLHEEORIED 2 5% V, 325, £l
BEV ERD LS cEEZLRIND.

Ve Vi Vi
V= 5 + > cos(wrrpt) = 7{1 + cos(wrrt)} (5.2)

C OZERELEDEIINE N 7235E D LN ZfasDEER T 13U FD L 512725,

™

T = % {1 + cos (WVK) } = % [1 + cos {g + gcos(wRFt)}] = cos? {Z + Zcos(prt)} (5.3)

PR ATROBRIZTLOERERIC VT 2T RI L TRTIENTES. LEN-T, VI 2itET
2y,

V7 < on (5 et} = 5 o ene} i en)

~ 2 (oD - (Pa (]

£i25. ZZT, Jy, J1 3EEXRXYy ABHTHS. T, AZRICYaLY - T UA-EHE LTHIOND
PUF otz 2.

(5.4)
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cos(z cos 0) )+ 2 Z )" Jon(2) cos(2n6) (5.5)

sin(z cos ) = —2 Z )" Jan—1(z) cos{(2n — 1)0} (5.6)

L7235 T, ZEDER Fhog 3 RD X 512725,

N—-1
2 , . .
Friod = Ecomb - VT = \/7_ E A /p(n) {_Jlej(wn—wRF)t + Joejwnt _ Jlej(wn+wRF)t} (57)
n=0

R DERBEDEBIEERZINZ 20, ROGHELD=DICasr ZzDH A4 FAY ROMAFIZE— FHESIC
Lo TREZHBOMVELE nT ZMAZ I %2EZDY, BIERDIES Egeay BATD LS RSN S.

N—
Edelay = \/7_ Z { lej(wn wrr)(t—nT) + Jo piwn (t—nT) _ Jlej(wn+WRF)(t—nT)} (5.8)

BIERDESE 7+ VT 4 77 R TRNET 20, 5EE UTC-PD ZHWTHE#ZMT— FElor — MEE M
H3 2720, ZHEDES Tistect ZIATDRD IS ICTEL N TE 3.

N—-1
1
Idetectoc§{zp CC*"’Z\/ n+100*+1+2\/ n—lC’C,’;_l}
n=0
1 N—-1 5.9
=5 > p(n 00ﬁ+§:w n+1C(KH+C(%H% (5.9)
n=0
1
= §(Ib+Ic)

727 L, Cp = —Jied@n—wre)(t=nT) 1 frejwn(t=nT) _ Jeilwntwre)(t-—nT) v @& C* 132 OEHELETDH
5. GHOFE1HELE 2HEZNENT, [, EBE, I, 3R—ANY FOES, I, 1ZE—FHOEL—1+%28&
ARF v ) 7 HBEEHOEETHSE. TheokitHT 2 ITO@D Ik 3.

N-1

I, = Z p(n) [J§ +2J7 — 4JoJ1 cos{wrr (t — nT)} + 2J7 cos{2wrr (t — nT)}] (5.10)

n=0

N-2
I.=2 Z vp(n)p(n+ 1) cos{Aw(t —nT) — w111}
n=0

[J§ + 2J7 cos(wrpT) — 2JoJ1 cos{wrr(t — nT)}
—2JoJ1 cos{wrr(t — (n+ 1)T)} + 2J7 cos{2wrr(t — nT) — wrrT}]

(5.11)
ZZT, Aw lZa r0AEEBHERTH 5. SEARRE wgr TIREIT 2 THICHKRDL D 5 720 2 IS OIEZ
TS, LdioT, BARAAADKDL S ZNZNOHHORBEBEBICEIUTO LRI e TE 3.

N-1
b»(wWRF) x Z p(n)eJwrenT (5.12)
n=0
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N—

o(wrF) jg: p(n+1) —JWRF”7’+-j£: Vp(n — 1)p(n)eJwrenT (5.13)

S DIREINE %2 XRS5 & Fig. 5.1(a), (b), (d), () D& 31k 3. (a), (d) BR—ZANY FDIREL
% |Hyl, (b), (e) 300 GHz #HOIRIEILE |H.| TH%. arDAE 10K L, (a), (b)lFasy—
() WIWRT LD IKFELWHADIRIFIGE, (d), (e)iZa s v —2 (f) ITRT X3 cHbr sl 3 iIcoh Tl
LPIWET 2HEDORBILEERLTWS. T LRRT—DBRS (c), (f) DEEEZLZENERE, M=l
YIERZ 2T B, () ESENE sech? DFFIRTIHREL TWS. 7 4 VR DE frsp (FEBIER T OWETH
D, Fig. 51 TIX T = 100 ps KKE L7280, frsr = 10 CHz £ 2> TW5. 2 DOIRIBEE |Hy| & |H.|
WX S ISR DE WD A S0, RIS |H,| D& |Hy| 2 EERNTHIEBICBW TR ERIHPRON S, F
7o, BB BRAZ T 2 |Hy|, |H| &dIX7 4 VRBRCEMD R SN, FEAIIRER XD & X A
Y a— 7 DENNE W (HERSRENE). —HT, BEORAKELRMEOETHEIXAFIv LYY
&, FERE LD BBEHOHAKEWV. Fig. 5.1(b) & (e) IZ/R”T |H,| Tida 2dE— KE% 300 GHz & L
72728, 300 GHz fi2BT % 7 4 VX RHEDBEERINI KD S 47,

oo o o o o o o o °
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— -20+ 1 -20 N 05 [ T I D D
Sroor 0 0 1 1 1 a1
j% q;’ | T R T T T T |
— o 1 1 1 1 1 1 1 1
3 —40 1 ’ -40 g 1 1 1 1 1 1 1 1
¥ | . | | | . | | £ 0 1 1 1 1 1 1 1 1
- 0 5 10 15 20 300 305 310 315 320 0 2 4 6 8
15}
g @) o (e) © ENGR e
g g .I |.
[
St S 1 1 (IS
’ [ T TR ’
0] L O S
O? 1 1 1 1 1 1 1 1 ?
0 5 10 15 20 300 305 310 315 320 0 2 4 6 8
Frequency (GHz) n

Fig.5.1 (a) Amplitude response of a photonic filter in the baseband. (b) Amplitude response of a
photonic filter in the 300 GHz band.
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5.2 EERHE
5.2.1 EEtEwv rT7v S

Fig. 5.212 300 GHz #CTEMET 2 74 b =v 2 74 L ZDERty v 7 v F2RT. £3, YU hrark
LN BEZHETERATS. O E, ZHEESIIVNAD I v F o Y23 L —&XDOHHEHANWS. VNA
1% agilent 8@ 8753ET %M L, REHPHIZ 100 kHz 205 3.2 GHz £ TTH 5. WELRHS N0 L
ERD 3 DODRRIC X » CGRIED G 2 515, 31 2HIE, Fig. 5.2(a) WRT XS CasLTE1IADT 7
AONGEL, BEEESHEFALTE Yy 7TRICGBERZMZ 2K TH 2. 20HIE, b) WRTE5cars
AWG T 11 AT ORRICHEEL, BECLoTRERIL X7 v 72— EHVT ARy -2 L THK
L, 1 RO7 7 A NCHETHERTH 5. 1 DHOME 22251, AWG 12 & > TEEMNRHHAEIREZ 3 2
XD, BRODICLZHEEMZZ N TEZHRTHS. 32HE, (c) WRTXICark AWG
THHEL, 7y 72— RICLoTaAsV—DBRERABLLOBRREZLICRRLZRID 7 7 4 NEHEER
AWTEBIEEZ 52 2 TH 5. ZOMKTIREBEREZ GRS -ORPEMICR 27, BIEHRORS %
—EREICLTBLL I T7 4 NEBIROEAZIMNZ, 2DV -2 BT LIV ERDE 7 4 LEE
K2R 2ZeAlEEL 8%, 2L TC, LRl 3 DDOWRICBVWGEREZMA DL, UTC-PD TR XTS5t
KXo Ao — MEBEMHE L, 300 GHz D 7 4 VARHERR S, RIS, Y2y b F—NUTX
AA—FZEHACTHERE T2 Z2I1I2ED, VNARTZ 4 AXFERHETE 2 X515, Y ay h¥x—
N 7 R4 F— Ni2iZ Virginia Diodes #t# Do A4 7 257 4 727 2 %M@M L, 100 MHz 75 20 GHz %
TORENARETDH 5. HEIEIR—Z N> R 300 GHz F O TITW, ZAsZHEELT7 4 L XBIRD
HEWEMER T 5.
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5.2. FEEHTE

(a) Comb
‘ H| EDFA Fiber UTC-PD SBD
all ||||I|. — VA 7
> O Iyl fy
It Il
VNA
(b) Comb
ull “mmh = SB?
¥
It Il
VNA
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A 4
N

F

il
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Fig. 5.2 Experimental setup for 300-GHz-band photonic filters. (a) Setup using all comb lines
and a single optical fiber as a delay line. IM: intensity modulator, VNA: vector network analyzer;
EDFA: erbium-doped fiber amplifier, UTC-PD: uni-travelling-carrier photo diode, SBD; Schottky
barrier diode. (b) Setup using several comb lines separated by AWGs and using a single optical

fiber as a delay line. ATT: attenuator. (c) Setup using several comb lines and several delay lines.

59



BH5E 300GCGHzH 7+ b=v 77414

5.3 RERER
5.3.1 5% (a) ALZL2THW 71L&

Fig. 5.3 IZHL (a) ZHWE 7 4 LV ZRMEORER 2R, Fig. 5.3(a) 28 UTC-PD TRZKEHD 7 + b
T4 T REAOEEEDR=ZANY RIZBIF % 7 4 L ZOIRIEIEE, (b) 23 UTC-PD % H\W7= 300 GHz
HORMBISETH 2. BERITIE —340 ps/nm ODEAE 7 » A NEFHLZ. LD -T, KEMEZ
24nm 2335274 0ZDFSRIZ 1.2 GHz THH, Tk Fig. 5.3 IRTHERD FSRIIFEA Y —HL
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XD, FSRZHHIZZZSZ W TES. Fig. 5.3 ITRT LIIZR—=ZANY F & 300 GHz D NFFIZHBWT
NYBRRRATANRIZHE T2 7 4 VEATBIREZHERTH I e TE, £725.1 HigRatTHL2IZ L X1
300 GHz i D 7 4 M2 DS HBRHIEBIC BT 2GR E N e o7z, 202 oiifllt (K43 v
ZLYP)EN—ZAY FTiE 20 dB BLE, 300 GHz #Ci& 30 dAB LU ET®H 72, Fig 35 1R LZ& SR
sech? BIDEEIR 7 4 v 74 ¥ 7 %475 Z2I12& D, —40 dBm M ED 3 2 ORI EF 76 K TH 5 Z ¥ %y
Molz., ALDEREBUIT 4 VXDORBUHHY T 2720, arrk2THWS Z 22X D EEBSREED SV T 4
NRBERT 2N TER. 3 dBFEIEIZR— 2N BT 120 MHz, 300 GHz #Ti3# 140 MHz ©
Holz. TNODRERIILE 7 4 VRTBIRDEADPINZI WS DTH 50, HlZIE40 km D> > 7 VE— K
7 7 ANZRERE L THWEEE (7 4 V20 FSR 3% 600 MHz OB5E) 13X HICKER T 4 L XBIRD
BAZMHERTHIeNTERL. ZHEERDTHOFELZHRIZ T DTHL2eEZONS. Iz
ZHFZ 20X 6N, 1 DIFERDTHI/NE B &5 G SNIBIERE W2 AT, &5 1 D8I
BOVNSWVBIERR, TROBBIEMRORI 2L T2 HETHS. HIZAX, 74 10XDFSR A 10 GHz T
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Fig. 5.3 Amplitude response of photonic filters based on a setup shown in Fig. 5.2(a). (a) Filter
characteristics in the baseband. (b) Filter characteristics in the 300 GHz band.
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5.3.2 #M (b) AWG TILESHSB LT 1LY

T, WK (b) ZFHWTa 2 0FEHIR (2 2 DXRKOHIR) 217072 7 4 VEZRMEORERZ Fig. 5.4 1R
T, ZhEN (a) BR=ZNY R, (b) 53300 GHz ORIFICETH 5. HaO 7 a vy MOEBR, R0
Oy M 3RDBEBR LT 4 v T4 Y7 THb. 3RXTMEBRLIBEON—=2ZANY RIZBT 2 IRIBILE
B TORTEENS [45).

H(frr) ~ Y prcos(2m’es fip + A sk 7, far) exp <j4w2¢zkfmth—+j4w3¢3k?ﬁifap%—j§ﬂ3¢3fi>
* (5.14)

TZT, pp ldasnsv—, frp ZEFERE, fo 32 5O, ¢ = |BoL| 1ZEME 2 XOHL, LI
77 ANDEZ, ¢3=|B:L] FRME3I XA TH 5. FHUIBERIHER (a) & FHED —340 ps/nm D5
BHE 7 > ANTHZ. A LDABUIN—ZANY FA 11 A, 300 GHz HHB 6 KTH3. 74+ T4 727X
ANTZERTHE LY, AWG IZX-> T Y X h/za D ARY bvE Fig. 5.5 1IRTH, SHEEKRY T
HEH 1550 nm TH o727, YIDHLAZEF 11 KOPEEDSH 1 REFBG ITX 37 —DREEZIFT
W3, FBG TRY 7 a2 0HE 31 AWG Ta a2 T dA[RETH 25, AWG DRIEICH %
EDFA QgD AR Y 7210 HE N WZ DD a AFRICPIN ST L EWT 4 VR ITHELZART =R 60
hholz. LEdoT, N=ANY FIZBWTI Fig. 5.5 IR L7 11 EREZ W2, 300 GHz D 7 4
NRLZBVWTERY FEELD SFEREMAO 6 REZHEHT 222X 74 v EBROEAZMA . %
72, FRNERDIALANT—IZ T 4 LRIZBIT B4 VL RBEDBEAMICIIGT 2720, $EMEZ R
DICAKIEEEMFRE 725 X 51 LARFUER SV, Fig. 5.2(b) IKIE7 v 73— & % AWG ORICHA T
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U snizd, as%2TEDFA THIELZ05 AWG Tasz28AY ) 132 UTC-PD A®D A J1%
TR B BT LEok®, 2H0 EDFA 2 AWG OER| & ERICEWTHEREAT —Z iR L
2. AWG ZHWZ 20k 2 78R =27 DL TE, 74 LXICHVZHELUNDF v 2L 22T
R LTV 2 72D EHTE 3,

Fig. 5.4 Z @ TH» %Y, FSRA 1.2 GHz BED 7 4 L ZFHEDE LN, ZORERIEK (5.14) BHW
T4 9T 4 YTDRREBL—HLTWVWSE., R=ZANVEDT 4 v T4 ¥7IBWT, a8V —X Fig. 5.5
DARY MVRIEEREL, 2R 3ROBBEDTBUIZNZN ¢ = 401 ps?, ¢3 = 2.5 ps® ITFE L 7-.
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Fig. 5.4 Amplitude response of photonic filters based on a setup shown in Fig. 5.2(b). (a) Filter
characteristics in the baseband. The blue plot represents the experimental result. The red plot
represents the fitting result. (b) Filter characteristics in the 300 GHz band.
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Fig. 5.5 Spectrum of the comb lines extracted by AWGs. The reduction at 1550 nm is the pump
reduced by an FBG.
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is the amplitude characteristics when the shape of the spectrum of the comb lines was adjusted to a
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the comb lines was adjusted so that the power decreases with increasing wavelength distance from
the center wavelength. (b), (d) Spectra of the comb lines extracted by AWGs.
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Fig. 7.1 (a) Optical spectrum of a soliton microcomb generated with an MgFs microresonator.
The red line is an envelope fitting that represents the shape of sech?. The inset shows a picture of
an MgF5 microresonator used for generating the soliton microcomb. (b) Electrical spectrum of a
repetition rate of the resonator.
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Fig. 7.2 Experimental setup for multi-wavelength parallel optical transmission using a soliton comb
generated with an MgFy microresonator. EDFA: erbium-doped fiber amplifier, PC: polarization
controller, IM: intensity modulator, PPG: pulse pattern generator, VOA: variable optical attenua-
tor, SMF: single-mode fiber, DCF: dispersion compensation fiber, VBPF': variable band-pass filter,
PWM: power meter, OSC: oscilloscope, BERT: BER tester.
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Fig. 7.3 BER measurement in 40-km transmission. The blue plot shows the result of back-to-back
transmission. The red plot shows the result of 40-km transmission without the group velocity
dispersion (GVD) compensation. The green plot shows the result of 40-km transmission with the

(GVD) compensation.
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Fig. 7.4 BER measurement at different modulation rate from 7.0 Gbps to 10 Gbps.
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Fig. 7.5 (a) BER in 9-km transmission. (b) Eye pattern. (c) BER measurement in the entire C
band. The red plot indicates the best-measured BER. The blue line shows the spectrum of the

soliton microcomb.
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Fig. 7.6 Long-time BER measurement. (a) BER and optical power measurement using a CW light
as a light source. The blue line represents a value of BER. The red line represents an optical power.

(b) BER and optical power measurement using a comb line as a light source.
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