A S

W NHARER 2 T ERIIRE 2 23R D 2 & L I L TEH = AL F —FH AR — 2 {0h3
A[RETCT ® % M0 HIBERHEER E Rk 4 RICHF STV 30, JEHDOBIIOLEERa s L
TOREUDPIEHICERTHS. FEIVHELIC X2 HERB a2 THE I~ anidFEs~
VEER T T TR E T T TIRERINTWS Z e S RE LR LTHE Z el
ez, EBIC, FEEAMEE VRS EToMEREe, >V RN B W T 4 ERIRE
MEMEZTINC X > TRER IV ALDPERTESL ZeHHMEINTVS. LarL, ¥V Ak
W&k 2 7~y a AOBEKRTORERICOVTIIRERED DL K hiEliFAErsRDONS. F
7z, I asEHOEIGHIZOWTHHEDMETRINTES T, EERIOHTRER D95
LT A REDDH L. £ IT, AR TIES VU AR E A0/ INEHRERICBII 2 9wy a DR
EMEZFHE L, JOHE UTEREAERE U TOFRHEARENERERFEZ HIE Uiz, ZEMFHMoD
RS AMNEHIREB EICBVWTIE I~y asid 4 RERAREZEAKEKaLD 1 oTH 3B
Modulation Instability (MI) 2 A& HERL TEDLZELTWVWE ZEDBERTER. £, WEL
7> aLOMtE— FRERBPFBETCIERWI EZHEL 7w Y a st 4 BERESICK O ITHES
T UBELOATLREL TWS Z e RHER L. X512, 7vYa s TREARICERODE—RF7 7 2
V=L 1 DDOHIRE— FITEHD I~y ashim R E LB Z e b ol EMFHMEICHE
D EREFHEDFHlIZ ATV, T~ >3 21 X 2 REREDS L —F L FIFETH D REICH 2 ERR I A]
BETHBZLZERL.



Thesis Abstract

Evaluation of stability and transmission characteristics of an optical
frequency comb by stimulated Raman scattering in a microresonator

An optical frequency comb with a microresonator has been widely used for applications such as
communications and ranging. Recently, phase-locked Raman comb, which is an optical frequency
comb using stumulated Raman scattering, has been reported, and it is expected to be a stable optical
frequency comb since stimulated Raman scattering has already been used in Raman amplifiers. How-
ever, there are still few reports about evaluation for a solely stable Raman comb and their applications.
In this study, we first measured the intensity stability of a Raman comb using a silica microresonator.
As a result, it was confirmed that the Raman comb was more stable than the Modulation Instability
(MI) comb, which is one of the optical frequency combs based on four-wave mixing. Next, to inves-
tigate the reason for the stability of the Raman comb, I measured the longitudinal mode spacing,
and it was confirmed that the Raman comb is stabilized only by stimulated Raman scattering, not
by four-wave mixing. Based on these results, I have evaluated the transmission characteristics of a

Raman comb as a light source, and it was shown that a Raman comb can be used for transmission.
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1.1 ScHiRs:

HAR (resonance) &, H 2 EHEWEZ D ORI HIREIZ 52 5, 520N 5IREIDJE
BADZFR DEH FRRNTED I ONTRORIDPIEIET 2BHRTH 2. ZOBRRPHERTE 25K
ZHIREE (resonator) LFFCY, PIADIRENIHAF 2RI LTX b r/ — ARERUTH L Todt
fRer e LT LC BIEAZEF SN 5. HECBWTOHIRIIE A FEREQ ML § 2 R E Fo
ZWNEBICEACIADEE T 2= %27 5.

HHIRIRIIZ DRI K o THRA WS 2 Z e T X 5. NHIRAT TR D BAZHNL 2 KD
HEEZ AP WED M FICHE L FHELRIRGE TH L. 77 7V e — - &8 Y (Fabry-Perot
etalon) £ LTHHOEN S ZOHIRIETIE 2 MOFHEOB THNL AR ZT 5. 2oL X,
BHAN P i SRR O RS (CPESEH QTR RAEDRROBHETH 2 Z &) 2
7LD ADBFACAD S NHIRE NS,  OHIREMA 207 TOCIEBICFEL, ZO—#HDOHK
E#HZHte—F (longitudinal mode) & M. BEEES 2HEE— FOREERIIBH AR FLVHE
B (free spectral range; FSR) & PN, HIRZGROFRHEZ R T, BFEANZ, RO THITENT
WeWie b RIS TE I AT TR OWIGE A HARET N 2 S BIF I LT L E WHHRAR & LT
FEL W, ZAo %2 T0ICBHTZ 2BE IS VWHIRGFDO AT FHERIRGIIHVWO
5. £z, FOHMEBNE) ONHIRGBOHMZEZ 2L ZITHEHATH 5. JEHIRAFHRITOWT
WEREIZER T 5.

PHFE IR TIEEBE L WK Z X ONHIRE T, AR FHESHRIE O R A2 M 5 72012
ﬁ?ﬁﬁﬁ:ﬂf&%ﬁ%ﬁﬁh% M TE S, REFHIRAE TIIIKAFHOMB 2 EWYNCHRET 5 2 & THR
WMDT TA YAV PRECHLTHE DB SRV E S ICRETDATRETH 5. FHHFHRE X
ﬂ?ﬁﬁﬁ:ﬁ%ﬁ@%ﬂ%ﬂ@ﬁﬁ@ﬂﬂ@# 0 THARBBRIGETHS. £z, KON LHIRITDIERE
PREZ/{LDICEIDZLOEHEHWTHRIRGZRG T2 v H 5. FHFITE, sk
BN EZ A o AT SR D i%mﬁ L7t D BN D 570, 1 2 L IFEBDH
DB E B N—T —CKBoTWV5.



1.1 EHiRes

(a) (b)

Figure 1.1 (a)Planar-mirror resonator. (b)Spherical-mirror resonator.

ZZETIE, MERAOARRBERN LD AL EHWRWERIRBOHEET 2. KENR
Ble LTIE7 7 A N=—HIRBEDVETONE. 7 7 A NN—HIRBIZOHDBED N T 7 A N=% ) >
TIRCERET 3 Z e THIRBRZEFER L T0E. 77 A N—HIRB[OF| L LT, EiloZEzHuv
SHARER CIEVHEAINCT T4 VXY P ORENIRNZ ENBET NG, Tz, HIRBEEKT
BT 7 AN ZINZ 228 TT 7 4 N— DR (L X, R 2EME 2o IR
EREITA L BAEETH B,

Coupler

Figure 1.2 Optical-fiber resonator

ZoMoHIRAR e LTV Y 7ADEHIREN T o 5. 20 ) ¥ ZADEHIRANI IR I DT H
5V Y 7RBERRER Y IR AN S8 27D DEBIREE D RIS, V) RHRA
D LT, %Bik3 2w 4 2% 7% 7Y —F—F (whispering gallery mode; WGM) $£4R%57
DD 5.



1.2 D4 ANV ITX ¥ S 1) —FE—FK (WGM) iRz

T4 ARY T X Y T ) — (XX EDMEE) IXMPROBEEYNIIB VT, EHRERWICEITL
O ETEL KO BBEARBIVZOLISBREYDZ e THS. 1912 FIT4 ¥V ROYH¥YHE
Load Rayleigh (1843 — 1919) IZ X » THRE I N7 ZOBGIEL Y b « R— )L KEE M F FR 26
OMEERR C OEEWTEHAT 2 223 TE 5. U, DI TOEPECK > TRET 2
DRI Ik THAET S, MBEOFELr R 35L, ZOHKT (1.1) X TXRZ
NBWE N Bl THRICEL 3.

2iR=A  (1=1,2,3,---) (1.1)

Figure 1.3 The example of the whispering gallery. ”St Paul’s Cathedral - The Whispering Gallery”
by JackPeasePhotography is licensed under CC BY 2.0.

HTHHBEOEENTETOERIMICE > TRROBHRZMHETE2 DB TES. ZOLIIT,
AR Y7 F 27 ) —F—FE2HVTEZALAD 2NHEIRRZ TV 4 ARV U 7 F v 51 —
E—F (WGM) HiRdE L PR, WM HREFIFHK ERC X511 (1.1) X 23Rz L
THEIEL, EITE n OMEEHWEEED WOM RO FSR IZIXROARTH LI 3.

c

F =
SR 2w Rn

(1.2)


https://www.flickr.com/photos/cathedraljack/16558827716/
https://www.flickr.com/photos/cathedraljack/
https://creativecommons.org/licenses/by/2.0/

1.2 U4 RARYYTX YT —FE—F (WGM) HiR%

Figure 1.4 WGM microresonator

HIRIROEELZFHED 1 DITRRD/NEEIH D, ZOMREZRIHFEELT Q HEWS D
NH%H. WCM HIRFE—BINTE W QIEZRT I e TWS. X251, WOM HiRERIE
P A XZNELTHZePHBNEZTHS. HIZIE, BEIEEMTH 2 CMOS (Complementary
Metal-Oxide-Semiconductor) D 7 vt X %2 2 Z & THED 10pm 12E O HIREE 2 1FKL
TEZEDARETHS. 20D KD ICHIENY A XD/ WHARE 2 /N LR &R 1SN IR
(microresonator) MEHENZ. ZAUTE D, WGM /MR CTIIHIRBANE TOHDOHHTH 5
E— FABEZ/NE SR T2 ZEARETH S, 20 2 DORICE D, WGM BUMHRIARTE
HIRBNF DL AN F —HE 2@ T2 IEHARETH D, IR 2 BT 2 D@ LT
W53, ZOMWEIIMA BICH IS 2SN TED, il UTRHEERa 25848 2] EREE T «
AR [3], L= [4] R B EINTWS. WM /NERSR 2T 2 MEHIRE 4 7 b DB
HuonTwah, FEEEESR 2 R E IR TV E WS R 2405 7 DICIERRT LG E 2
AWz Ze v, 2 ROIEFEHE L LTY F v L4F A4 4 X—=1 (lithium niobate, LiNbO3)
[5] %, 7VI=U LAY Y LEFRE (aluminum galium arsenide, AlGaAs) [6], 3 RDIFFEHEE & L
T2 VU (silica, Si0,) [2] ® 7 v~ 27 % > 7 4 (magnesium fluoride, MgF,) [7], 7 v{bALr>w
2\ (calcium fluoride, CaF,) [8] , >V a ¥+ 4 FF 4 F (silicon nitride, SioNy) [9] 72 EDZETF H
5. WGM U/NERIFDOTZIRICOVWT HERA R D DHBFEEL TE D, BUNREIRGS T 4+ A7
Res, buA FHIRE, oo FHREE, Fo 7 LoV Y IHIRBRENETONS.



Figure 1.5 Tmages of various types of microresonatos. (a)Silica sphere microresonator. (b)MgF, rod
microresonator. Material from: ‘T. Herr, et al., Temporal solitons in optical microresonators, Nature
Photonics 8, 145-152, published 2014, © 2023 Springer Nature Limited’[7] (c)SizN, microresonator.
Material from: ‘J. S. Levy, et al., CMOS-compatible multiple-wavelength oscillator for on-chip optical
interconnects, Nature Photonics 4, 37-40, published 2010, © 2023 Springer Nature Limited’[9]

1.3 JERAREL

FEBE RGN BV TERFRICIESME (2 4 comb) JRDRARY ML EFFONE ZDRARY P
WS a 2 R, 7—) 2B REZ 2, R 2 X LTI ERRo L
250 LBl I 5. FERBEBTORRY PAREMBTH 2 2V RE» S, BE LR
L—PREFIEL LTHON S E— REAL =% v TRE SN AR 2 20 F D
MHDEL) L UTHIATE 2 Z A 1999 FFICHE ST WA [10]. JEEEE = 2 00 H#EFXA
{, BbDOXL L LTOFHTIZARAE [11] LHEREIE [12], Y L TOFHTIRKRE I HIZE
(wavelength division multiplexing: WDM) j#{E [13, 14] R EWISHDB R STV 5.

KB 2 2 OFRHEIE FICERBFER TOARY MUVERERT fip &, ARZ MLE fio, M
FRCEYREEBICAE LI EDRDERT fuo D 2 DDRTRXA—RTRINDG. IhEHEHAV
% Z T, RERBD 5BAT n FEOREEE T LD AR KR FEBEL f, 13RO X 5125k
TIENTES.

fn =nfrep + feeo (1.3)

FRITE, HIRIFOEIC X D RRITEEICE 1T 2 L 2 DTSR OE T H T (FRHRAE) & X
DIETe IR (MAHERE) 38725, ZAUTED, JoLR 152 e iCuigt & XM Ag §
N5, ApEF v V72X —FHEFEN, fiep, feo (XL TUIND & 5 Z2BFRZ DD,

_ Adfre
fceo - Tp (14)

KRB AEREST 222103 28 L XX 20 BERo&SXICERT 5. o EREEE TH,
DFA—X—ThD, ZOEIDEBHPFEROEMCHET 2D3HL W=D THS. 2T,
KA AL ZRHT 2 EDTES. fiop EEA GHz A=K —THDH, ZOEFEDPD feo &



1.4 PUNERBRIC BT 2R 2 &

feeo < frep &85, BT, (13) X ZHVWEZE2T THz A—X—TH5 f, £ GHz A —X—T
BB frop, feco BFREEDF B ZEDARETH B, AU KD, ERIGHEDPHETD -7z THz A —
X—DbD% GHz *—X—I1Z¥& & LIAATHIEDIREL 72 5.

L7z oT, BEEBRDEZDD fip R feco BEDEICHMET EDTH S, frop WL L
274 T4 TV RTRIIBRARI VT LT FIAVFRETE - MEBDARY M RHERT S
CETEBICHENAEETDH B, — 1T, foo FEHFZHETZZIFTERY. ZITHVLNS
HEPHOSBRIETH S, ZOHETIE, 1| A7 X2 —=THULEDIRZ BRONEBFEE I LD ART T
MZOWT, 2n BFBHDE—F fo, &, n BHDE—F f, DF 2 & 2f, OV —r2HET S Z
ET feeo ZHIET 2. TNHDE— I fpew £ T2 &, ABEBIUATORTEENS.

fbeat = an - f2n
= 2(”frep + fceo) - (anrep + fceO)

:fceo (15)
a;
<
o
a
Time
q;) frep
@)
o fceo A’I |
— < L I
0
Frequency

Figure 1.6 Spectrum of the optical frequency comb in time and frequency axis.

1.4 WUNHRSRICH 1T HEREIL

1.4.1 Yt Kerr L

P/ INERES & W 72 B EL 2 2 0% Pascal Del’Haye 12 & - T 2007 1D THd S iz [2].
Z DR A 20F, HIRENERT 3 ROIEMENERNRTH 5 4 HIKIES (four wave mixing;



FWM) BEEZ2Z Lo THAT L. TOHFITKoT, MRTRHRBITRD LT WERFRD
PKNVAL —=HFREZHVS Z R BB 22 RET 2 e AIREL R o7z, HIFIDIE Kerr
2 ADHATII RIS LR KRZ N T v (b= 73T ARM LB S 722V A MR
WHRN TV, IEFETE, FEAEERYOMMM I T b VwH6NS COMS a2z HnT
Fo THREICFEETEZSVarF 4 4 F SipN, 28 b/ NF v FRIDSEEEE o 258455
ELUTHERRINT NS,

W NERER 2 W72 Kerr 2 Z3TER DB 2 2 L IR TERAR—-ZADDEES 2 FHBIT
X5 okARICHDFEINTED, il LT, LIDAR[12] ®°, WDM #f5 [15] DXHEE L
THFED 7RI N TN S,

Ref [2] IZBWTHE SN M/NERERIC B T 2 S0 A 2 2413 Modulation Instability (MI) = A
I TV S, Modulation Instability ($E O EZ RO IR RE I Z AS T2 & 2D
DJE D DJEFE RO IHENRFETE L VWSHETHD, MI 2L TR IOHRIZEID R
THHEHFLE UTekT — DRV 2 228l T2 223 TE 5. 2D MI 22DREE L
T, E—Fay 27 L—¥EHOIEREEER D 2N TREEMRNZ 223D 5. HEAFKa LD
BEWERTE— b7 FNICONT, E—Ra v 7 L—FIREEFER 2 L TIE 0.05Hz TH3
[16] DXL, MI 3 ATl 300kHz[17] & KERfEE o> TV 5.

1.42 VUL

YU k¥ (soliton) FIEEAEROEE LTH S HOINZMIET, LE L L ZRDOEE)
ThH53. PYIDTHEEIN/-DIT 1834 T, /KE LEDPFE L LT John Scott Russell I & hFER X
2. YVURNSTHAIEMHE LTRD 3DODDEENBKRETH B.

o JEIRD—ETH 3
o ZEEMNCIREL T WD
e VU M ETIETHBLE DD, EHEDHR TS 7 M ZROTRENZL L 20

HIZBWTHY Y P VEEELTED, VY P EMEERTWS. YU b 1973 FITER
NS & o THT 7 A NR—FEEIT 2NV 2 LTRREINASEZ 18], KXYV FUIdIEES 2L
7 4 ¥ #'— (nonlinear schrodinger) AN ( (1.6) X ) Dz LTRZ N 5.

[ 10
ot 20x2
VU b, HEHEBEOBRESBIC K 2 oOLRIES D ¥ HANMHEZERIC X 2 0L RERESTI D A
S EICHING. SRS IEESBTH 2 & 23R LT 2RD IEAD & 5 RIBTEHHE
RTEZ, =27V PBENS. KV b AIREEBR T OV ZROEF & L TR L T
Zehs, FEBEERTIIERER 2 2 RORRY MALEHITE, ZoRMERALTY Y b
AL HFIND.
PNEIRERIC X 2V U b > a 2 OFAZ 2014 £EIC Tobias Herr 12 & » THED R N7z [7]. i

WL ML aAEDENE LT, YU MrasTREREa ABMHEERIL TV ZenZiFsh

+ KlufPu =0 (1.6)
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5. MI 2 TEREAREENETIEas EORRT bADPEBHEITE 20, 20 2hOfitEnz 5 - T
WRWAF ZREEIZI 5 TW0d. ZTHADRERRTHEEBEE 2 L8 LTOREEBLRbA T\, —
HT, YU F>rasidfitHoz 2 - RS 4 TH b FEEh E R v e UTHEET %
ZENTES. ZHUTKD, YU PYarob— b7 F0id 1531HZ[19] & MI 2 4 & LT
KIBWCEE LT s ioT0Wa. YU FrasdREFEIIOVTHERL LS D2FAFE
ShTW3 |20, 21, 22, 23].

B/NREFICE 2V ) Y a D RERFEE LT, HIRBO/PNI XX 2E#E DR LA LA
DOFREDARETH 2 mLBITF oD, (EROE—Fr v 7L —HFRETE SNV ZARE LS DRPK
AL LT U EWIEED IR USRS MHz 4+ — X —REICHIBX 523, MRS EZHWS 22T
GHz A — X — DV ADBERATRETH 5. HVDDTIE THz A — X —OM/NMHREIC L2V ) b
YALBMEINTNS [9).

JEHZEIZDWTIEIRL <, WDM JGEERNGIERCRGE, BEEERENETons. £,
ZDIEMEE» S RO F ¥ )V 7L —> a VADERE B2 7 A bunas e LTHIMAERRIN
TW3 [24].

1.43 ><>1L

1.4.3.1 FESTUHE

7= VHELE 3 RO ENRDO 1 BT, DI2WEICAH LIEPWERONE T /) >k
WETHZICEVRETS. 4 ¥ FOYHYE Chandrasekhara Venkata Raman (1888 — 1970)
WEDFERINLZZ e ZOAFIRDITHLNT WS, ASRNINZHPNFET + / VIR LF—
252 25813, HKOoZxAX—2ED LREROHELDEYHRET 2. ZOBELEZ X b —27 2k
CIER. WNIZ, ASPEDNEET + ) VO T ANF - RITIAEEE, £ D EEEOBELLH
5%, e, KAN—22ANERETVFAN—RAHREER., 7UF A —27 2B REET
27D 3B S NIREEDIE T + ) UBTFEE T AR ERD B 728, R b—27 2RIk
RNZE7YFRA =7 ZHFOTPICU2RE LR, HH-INEK, Ao TFeWEFYDDF
OIRENCEELE D T ANLF —DR VWD BRET 2D eFHHATES. X b= 7>
FRAN =T ZHENZND T < VEELDYEFBEIRITDOWT Figure 1.71RS . hv IZASHEDHKT
DIANF =%, hvy, WEOIRENEEIREE L REEREO AL F—EFEZ2 Zh AR L TV 5.



Virtual energy level

hv h(v — vui) hv h(v + vuin)

1st excited Y
vibrational state
ihl/vib
Ground state A 4
Stokes anti-Stokes
Raman scattering Raman scattering

Figure 1.7 The process of a Raman scattering.

I VHELCBWTEARINCEBYE BT 2N TFR IS DT LIARVDTHET S X
F—=r2HdbIheib. LrL, ANHED T =250 X b =27 ZHTFPWEFITHE > TWD
Base, M B A b =27 2N T 2% AG L TV BEE IR Y TEFIF & D otEIc R
F = ANFICEEENG. A= ZARFBEIDZTNE XD ELS BRI 2. ZOBHREHE
S < VHEL (stimulated Raman scattering; SRS) EFER. %7z, AJPEDATHES < VHELE
HEZEDIEZDRY THAT DL ENMEZR T~ U HIfE L PR,

FHET < VEELD 7 < Y AIFIEERINCHE X NS . MEEMRITIES FRZ 5o TIRIELTWS
e, KT+ D NBIRED DL T~ FBRIIIIC R 208, SV hERELTET7E
N7 7 AMBTIE G FBNTIANTDIRETIFEET 2720, 7~ FRITIREEHICKR 5.
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Figure 1.8 Raman gain of fused quartz plotted as a function of frequency shift from an exciting line
at 526 nm. The experimental point is the gain measured in the amplifier and the error bar represents
a combination of the uncertainties both in the measurement of the gain and the spontaneous cross
section. Reproduced from R. H. Stolen and E. P. Ippen , "Raman gain in glass optical waveguides”,
Appl. Phys. Lett. 22, 276-278 (1973) https://doi.org/10.1063/1.1654637, Figure 2, with the permis-
sion of AIP Publishing.[25]

< VBELIIZBO T T I TIERLLINTED, »2WEDO I~V HELEIEST 2 Z 8 TY
HOTANFX—UENZ D LD DWEDOREREZITS 7~ v, REHEHREICE I 2T
DHHENERATS S~ VBB H 2. L OCHESR LTOINHE LT, 7~ U BEiESRIZLT
DEIBHREZF > T3,

o« TILEY LINIIN T 7 4 NSRS (erbium-doped fiber amplifier; EDFA) & tL#E L TR/ A X
TH5.

e RYTNHDEREZZER S Z L THRAKREBOBRRZEIES 2 Z L AJRETD 5.

c B DWW ROEHDORY THEH WS Z & THIBNSOIIRZIHE T 2 Z e SA[RETH 5.

1.43.2 S3>aL

FET < UBELENARIRSREHWTREIE S, MHD 7 < U FF e HIRBROHIREZASB LU
4 NHPIREDIEHIC L D R T L RIERANC A LIRDARY MV EHERT 2N TES. Z
NE, KX TlEo~raseER, Ky 7 HeHRMABICRET 205 Z0R#E» 6, 7=
YALFRR LYY PO REDARY VAERIEFA ZEICHVWLENTWS, IvYar%xH
LXE27DDOMENE T v{bA VT L (CaFy) 7 v boNY ¥ 4 (barium fluoride, BaF,), > U4
(SiO,) B KA 12D DDH 273, AMETEIMIOLRT XL 77V FBDIEZ 2 WIS FlfEhs >
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VAR LTGERLTWS.

SUMMBNC K 2 T~ Y a ADRETOWTIIA BRI ENT WS, Ref. [26) 132V A#t
FHeBIF 2 7 <> a r0REBBICOVWTEY -7 DBESHER SN HELTWS. U B
DIRITAVZIEFBTHYE—I0220H2 L WOIRHEL D Y, ThrhzEEE» 5 v —
71, ¥—27 2 EMEATWS., HIRBICAH T2 Ry FHOBEEZHL LTWL DI —27 1
DEBFIZ T ALDPFRET D, SOWKHEZHTIEE =721 I~y any®EL, mi
FNICEE =2 1072y aFHATE =2 2 ITE2IHRET 5.

Peak 1 Peak 2

l

l,

Optical power (10 dB/div)
Buiunjep Buisealosg

E

1540 " 1640 1660 1680
Wavelength (nm)
Figure 1.9 Raman comb formation while decreasing the detuning between pump and resonance fre-

quencies. The Raman offset transited from Peak 1 to Peak 2. The pump wavelength and input power
were 1540 nm and 80 mW, respectively. ([27])

DB —27 DEBIZ ref. 28] THERANCHIHZINTWS. Ref. [26] THMRTESL LS5 T7~ >
O LDFEBFHE 4 DD— NSNS, 1 BFEH TIREIRERA O KR > TIERE D+ Tld
CAEI2VHELO LEWHEISEL TOWARWED Ty a sFFE LRV, HIRBNED R Y 7
HBEZESLTW eIV A0 YAFOMPRENDL O -2 1 WD T~ A nPFRET
5. ZOLEE—Z7 2RI —2 1072 ashrbD2 007 REATIRLF =)
e hTnsd. LarLl, RYIHOZAINF—REIRB I -2 1 TOI v rasiEtifiibh
27D —=7 21T H5RY FFET < VEELO L EWEL N R D —27 2 Tld 7~ a L
BRAELRBW., LR THEBELLTWEE—=2 1 TOIRYALDT = 3fML, ¥—
72 TDIRYALFEICRY ERFEDOIUADZ. ¥—2 2 DFREICHFIL TE—2 1 TOE%K
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L5 ERDEIZEEE

BHEATOLDTIDBRETARY FIHERS LTV EE—Z 2R LE -2 1 EET 5. &
FANCIEE =7 1IFZERHBLE -7 2 DAEIES.

7z, I~ ranzNEBEa LR LTHOWAHE I ZOLENRITERE 72 5. Maatrk
ZRWEI< 2 aniZonTiE I~y a KT Z 32 Z e A& IhTnd 8. %7,
VARV T anizonTd, HAAMHZR (cross-phase modulation; XPM) I2& D F=
YaALrRRENTZIEDARETH S 29, LrL, PUBZEZHVEITYaAsIBNWTI~vra
LBRTORENZRHI L 72 b DML, REICHIFEORMAD 5.

1.5 KRDBIZEINERE

JEREIDCICERZ DR S 2 L TIHRMZ LR T 2BEARO—2TH 5. HEFOMHRE LT
F, L—HEHNETUEEEP OREMBOEENETH 2 HNH L. 612, BbT2L512%
BHLUIC Lo TIRERAREZEART 2L HARETH 5. JLEETIE, JIEREZ DX 27D %
5. ZRSRE UTIIREZERS B BRER, (AR T ONS. Hwo stk
FERT 27 7 A N Ko TERRZ LD, BUEIL DN TV RERIILT 7 4 NTOERD /)
£ 7% 1550 nm FHEORETH 5.

HEFECHVWL N2 KEFEEEX@EEES O EXEEEELEF (International
Telecommunication Union Telecommunication Standardization Sector; ITU-T) IZ X > T RaddD & 5

XN,

Table 1.1 WDM spectral bands defined by ITU-T

Band Descriptor Range (nm)
O-band Original 1260 to 1360
E-band Extended 1360 to 1460
S-band  Short Wavelength 1460 to 1530
C-band Conventional 1530 to 1565
L-band Long Wavelength 1565 to 1625

U-band Ultra-long Wavelength 1625 to 1675

HBEDOFRE LT—ARDNT 7 A NTHBONMEERZIIET 22 EIMTAL2R0DH 5. ZHE
LD FED—DITREDEIZE (wavelength division multiplex; WDM) 2% 5. ZAUIHEED R
BERMDNEANTEZHENATI2DDTH 5. WRAFNZHIBERRBICEIoTREL 227TH
N, HERE 20nm O b D EMHERDEIZE (coarse WDM; CWDM), HERES X b Hnd D
T B E R B ZE L IR (dense WDM; DWDM).
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1.5.1 JAKEILDKERDEIZSEEENDICH

BHEAVWLN TV RERENEZEBETRIEEOER 2O L —F ERAKCHNYTZhZho
HIEBERETVS. ZOHATIEEGHTZENDDIZ TV —F DRI L 72 5 7= DB RIGHT
MEEIEWC LD o THERTILVWSMERDLD S, 2512, 2ROV —FZHET L1
XoTHBIALF—bWRT L. 207, KEARKaLZHRE LTHWS Z 2RI T
W3 (13, 14]. JEREEHa 22 HFRe LTHOIUERERL —FERY THD 1 D1k b7-9, E
PeL — %S RN THREREECHBE L ALY -2 M2 5 ZePARETH S, 5K LN
% T 27 DIWINEPR T LORERE/NSLSTEI PR ETHS. 22T, WIVEIRE
2 K BN T LR ESEIZEONIR LTI TV [15]. ZEICHW S 2/ e
RENC LB HRABT A LT/ A ZD/NEEn6Y ) brashb s ZoHwWenE., —HT, 7%
A MFEEAPMEZIN TV S D DDEEANDISHIERIZME I TVRY. T rasziuv
TEEPTENZY Y brasARICHWS 2 TE5I2E L OEZEE LEMNLHREE 2 v
TR HIZEBENEBHTE 5.

1.6 B

WUNEIRERIC X 2 AP 2 2 2 O RESEIZEBFIEE T AL X —, ARAXR—AA[HA[HE
TH5 eV HE2SBEFERLICHET THEMTORTW AT TH L. ZoFTIEFEIZY Y b
YALBHWONTWED, IHII3YaAszcHws e TEY RABEZRZHEIE L TRATE
52 e fFENS.

ARRTIE I YA HOTEERZITO CZREBFEE LTWS., 7~ Y a bz nEAERE
ELTHWAS 120123 2OREEEZIHET 5. ZEMICOWTIHEZITo 721, 7~ aLda
EFYEE Y U CORMSEREHE L 5~ > 2 A DMEEIC TSP ATEETH 2 iR 5 3.
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2 P

F2EF B

2.1 HIRZIIER

211 FEELIES [1]

i Cib N7z &K 512, HIRSHEREZE X 2 B3P D FHFELIRIS 2B 2 2 L #a L.
Z 2T, FEEE d ZUBENT: 2 ROTFHITED SR D EIRBOE—FEEZ 2. FEE v OB
WOEHEIRIEZ Ur,t) = U(r)exp(j2mvt) THEEINS. £/, BHORTAED % %5 B
WBEBRBEOEFEIBTH 255 u(r,t) = R[U(r)exp(j2nvt)] L RE S, HEREZIKEHER
V2U - L 20 — 0 It RA LTI 2 L I FOR %15 5.

(VPU+E)U((r)=0 (2.1)

k= 23R, c BEETRTOXROEEERT. ZoBoRidAv sk TR ATy
. VHELRFICBI 2 Z0HEREEZ 3.

U, EEFEE LTORRBE-FEE X 3. FHSELRECX, BEIHOWMG RIS
ORI TEYRTH 20 5L FOSMEHZT.

U(r)]z=0 =U(r)|:=a =0 (2.2)

AZERE LT, EIEK
U(r) = Asinkz (2.3)

DAL LAY R E (2.2) R 273 & FPEEE T T OEICHIBRE 3.

kq:% q:17273a"' (24)

IFE—FHESEZRITHABTDHS. ¢ DEIZOWVWT, BOMEIEsink_ 2 = —sink,z ERDHTZL
TeE'— RZMRLARVWI Y, ¢=01Fsinkoz =0 THH XX —ZHEIIRNZ &h 5 IEDEHIC
o TWa., HIRGEMD & HIRE RS X CHIRIER ISR R EE 72 5.

C

Vg = Ao (2.5)
2d
B D &5 E— N OHARE I D HIFEE
c
VFSR = |[Vgt1 — Vg| = 24 (2.7)

15



2.1 HIRESHEGE

5. ZOMRIZEBERRY FLVEEE (free spectral range; FSR) & PN 5.

R, ETRE LTORRBE-REEZEZ S, 2oL %, HRRE— NX 2 DO KGHEOB %A
BRICEDEEFZEZEZ 52 TROLNS. E— NIAHAY, 4805 1 FHEORICEGZHAE
MY BREDZ L THZ2 5, 2 FOFHERH THEG S NLAMOZMIX 0 £ 2r THS. L
7ehoT, LHEDEMICBI 2 AHDOZE ¢ = k2d = 724 1303 2r DFEETH D,

¢ =k2d = @27 (¢=1,2,3,--+) (2.8)

%%, ZORDH, EERE LTEZLRFEFEROEMS k=G BRI N2 Zedbird.

25X 26) X 2R b»2 L5, ZOHEHIRBPICTHEET 2 Z L HFFENL KD
JEBRR RIS RSP RE NS . Z DSMIHIRGRICHEL D H 2 L 2123 s, &
Iho, BEODZHRBICOVTE RS, HIOIHET 2 HROERRIED U, & LT, XifE
85 2 M DERIRIET Uy, Us,--- &5 2 & HIREH OB KD ERIRIEIILLT D IERRET&
5.

U=> U (2.9)

NN OERDOERIRIEZ (AT LR, HiE T 2 UHTORE DL r TREN, FHIFHE
IRADHGERMFIC K 2HEPHEAIC L 21BRICK > TEHASINS. MEORELIZ 2 THS.
EHITMHZE ¢ 2E R 2 Lk 2 UMHT ORI RO XS5 ICEEIN 5.

Uip1 = re 90U, (2.10)

L7zhioT, (29) R IEATDLS1T725.

1 —rei?
1D DIRED [, DIEHIAREEH 2 1 FE L 7z & F OBEBIRIBOBKRREE r, MNHZELE ¢ = k-2d
L35k, oM

U (2.11)

I=1U
vz |
- ‘ 1—reJ¢
1472~ 2rcos(¢) (2.12)
Iy
_ (2.13)
(1 —7)2 + 4rsin? (%)
LRIND. ZORONDRKREZ
I = 773 (2.14)

16



B QB R BERDEH>XEFTES.

- (2.15)
T~ 14 () s0%(3)
Z T, e
r
- 2.16

X7 4 2R (finesse) LMHENZ T X=X TH D, HREBOBRO/NXXERT. £ B H7I/h&
WEE (215) RN ERDO XS ITAMTE 3.
I 1

~ 2.17)
)

ot E, HIRART PLOFELNE (full width at half maximum; FWHM)Av 1
_c(l—=1)

b, (218) N &b, BEIKEL KRS (r N2 2E) EHIRZART FMLVOIENBIAL 5 Z
LoD,
HIRIRE 1 1HET 255 DEL a(=1 — r?) IXIEEEREHVWTRD XS5 IcREINS.

a = exp(—a, - 2d) (2.19)

o (FHRAREHTD DBRERL, apc ZHENRHDD DERERT. HIRGITEPHATIAD S

N BT H 2T 1
1

Q.

(2.20)

T =

ERTIEDTES. ZHEHVS EHREBND T IV F =13 exp(—L) TRET 2 Zehbhb.
¥z, BEDPTHIT/NEVE (2.18) K 1

.1
Avm Sdr o~ (2.21)
2w 2nT

rRIND.

HIRIZOMEREZ RTHEIE L LT 7 4 1 ADMIZ Q fH (quality factor) 23 5. Q fEHIZ
HIRIJICEZOND T AL F —

BD 134 7VdHlzh gk r¥—

LEFRING. HHIRBIIBVT, BN A LF 10 L CHARR S DIickbh s 1

¥ —Eca, THY, HED1H A 7 VT8 TR cay /vy THZHH

Q =21 x

(2.22)

1
c;):27rxcoér/y0 (2.23)

3. (221) X &b
Q=% (2.24)

tEEZoNS.
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2.1 HIRESHEGE

2.1.2 WGM #£iR330D Q &

CETCTVFESEHIRIETO Q HEEX 2D, ZIh51F WGM HIEHRD Q fHIcOoWTE X
6.W@Mﬁﬁ%TMQ{Mﬁ&ﬁglkiofﬂ@éﬂ,#ﬁ%*@t?%ﬁfdﬁ®ijk
7% [30].

T_l = TsZittering + Tradlatlon + Tmaterlal + co%lpllng (225>
! ! ! 22 N HREREE OBELIC X 248K, WGM DGHER,

scattering’ ‘radiation’ ‘material’ couphng

MRIDOWRIIC &k 248K, Bk ofiaIc L 2iBK2RT. WECEIDESNS Q HEIZhsS®
TOHEZEGAR QETHD, ZORD QEE Qua &M, MEEHEKZROAEHIREEED Q
fEIX Qunloaa D LKIE Qo EFHIN, FEICES Q HZ Qcoupling D L < 1E Qexe EFER. JER
(decay rate)y = w/Q WO BFRXZHWS &, (2.25) X IIXD L5 IHFEXHZI o1 5.

-1 _ -1
Q — “Wscattering + delatlon + Qmmtemal + Qcouphng

=Qp' + Qi (2.26)

Qo FHIRARZMEM L 2 CIRE SN, BHASEMIEZ LB TERY. —HT, Qex FHIR
75 & BRI DRSS IR FER O RS IC X o TELE L Z e TE S,

FIDIT Qo IZOWVTEZD. Qipiering FHELIC & 2HRKT, BEHAKEIFIENS. WGM R
RICBI2HELIREL ZoT, HIRSFRTHOMI I 28E. LAV —BELIC K 2HELTH
5. LAY —HELEE ym ORI OBEZLR R X o TAEL 2. LA VU —HELIC X 2%
E N ICREBIL, BIRRICRZIZEREL RS, 20k, RERTIIMRIRINC X 248585732
L 2%, ) AMEICIE, XAEE 1550nm O & MBI RN 72D, L4 U —#EL
CABEOHMEr k. oK, MEHEXKE LA ) —BELC & 2 EABRBERORNTE 2 603
31, 32, 33, 34, 35].

a=[0.7pm*/A* +1.1 x 1073 exp(4.6 pm/\) + 4 x 10*% exp(—56 pm/\)]dB/km (2.27)

T N REREERS. LAV —BEDOETVICEISVT Quinm, ZalHBT2ELFD LS
75, ,

o AD (2.28)

scattering = 27‘(’20'28

ZTC, D BHIRGFOERE, 0, BREZAZHKREMHSDOKREZ (rms) LHEARITHS. 2V HK
Efia—03mnB—3mwf%5#5,ﬁﬂﬁ%ﬁ@mmmy<lxmw2E%Bm
JEHER Q Linsion EHEDHIRIZDOANBH TN TLE S FIC L 2HHETH . WGM HiRERIC
BT, EHEMICEEDHIRBANI TR Z LA S UAD 5505, FERICE, RO
HRIZ & D R T IR ORI T L E S APEET 2. HiREBHPHETHI T 5L
EREEZRELSTZILICL o THEMHERZ/NE T2 8HTES. D/X > 15 THIIMEGHEL
12& % QEIX Qradiation > 1 x 101 723 [30].
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HIRIOMENC X > TIRE SN B MRHBRICE 2 QL . EMEOIIIIC & - Tl Z 2512
X 3. MEHEER O T RFERIE, IR0 L, v 7R EDEBBEBAMYMBIEZ DA
A, FUDNEHDOHEEZRINLTLES I THB. £/, VU IH T ADGHEIF 1000-1500nm D

KRN E N2 OH FoFEHLEEFEINS. QL B TFTORTHLDbENS.

material

1 2mn
material al

(2.29)

ZIZT, nFEITE, o 3HEE, ERT. JVIHTRCBIF D QL & 633nm OHITH LT
0.9 x 1010 ¥FHETE2 [30. VIS T RATBWTIE, MRHESIGEELES L BEHEL © g L
TREL 2R LTD Q) ZHIRT 2DIEIMEHELTH 2. LkoT, Y VIH T AR
D QEDRFUIBLZ 09 %100 FrF X 3.

S Y DFEGIEETDH D Qexy ICDWVTHE X B IITEPEE Y WOM R DIESITOVWTE X
LZREDND L. ZDIDITHEREET— FAERITOVTRET TR, Qo IZOWVWTEZ 5.

2.2 HEEE—FAER

EEE— FEEIOLOEI IR 3 2 A TH % (36, 37, 38]. AibO@E D Z ZTlX, M/NLRES
LB L OREEICOVWTER 5.

WGM resonator

1

Text Waveguide

Figure 2.1 Schematic illustration of coupled mode theory model with a side-coupled microresonator.
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2.2 #EEE— FAHER

I ¢ RIS LTV 25 A OHIRE N D E — NRIE A 3RO 23 [38).

dA S
A oA — — A+ rsy, exp(—j 2.
7 Jwo 5 VESin exp(—jwpt) (2.30)

G305 1 HIZHIREENER TR T 2 DA B ER L, wo BRIRARBEE TS 2. 5 2 HIZHR
%%6:;‘803‘6?%5’%%2%1/128 D, BRDED 771 (=75t + 7o) BHIREFRFE OB LR AHEKL LI
RIEFELTWS. 3 HITERK L OAERL, r(=15) BATKORMEEGWERTIRE,
FASHEDIRIE, w, ZAFHEOAERETH 5.

A= Aexp(—jwpt) LWL E T2, (2.30) R IFRD XS IcRIN 5.

‘;—? =- [j(wo —wp) + % (Tlo + Telxt)] A+ Vs (2.31)
TEHARRE (& =0) 2REFT 2L, (231) X XD E— FIRIEE
A= v Sin (2.32)
jwo—wﬁ+{%(% 1ij}
A2 " —Sin (2.33)
=+ [4 (%4 25) ]
Yihb, F, HRErSOHNEEZ S, HI son BUTD L5127 5.
Sout = VEA — siy (2.34)
Zoe (2.32) X 2 HHIRAFOBREEER T 1%
2
T: Sout
Sin
- (1/Text - 1/7—0)/2 — jwo — wp) 2
B ’(1/rext T 1/70)/2 + (w0 — ) (239)
_ (1/Text - 1/7—0)2/4 + (WO — wp)2 (236)

 (U/Texe +1/70)2/4+ (wo — wp)?

ERTIEDTES. AR HIRAFEA KT 25E (v = wo) B QEZHWTRD & 5I1TE

J5.
QO Qext
(QO + Qext) (237)

HIRIREE D Q EHEME QEDI Qo /Qo & EHE T ORfR% Figure 2.213R7 .
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Figure 2.2 The relationship between the ratio of internal Q factor and coupling Q factor (Qext/Qo)
and transmittance(T).

ZORE (2.26) R 2 SROBFRIRKE 3.

14T
2

ZORD + ¥ —1ZFNZFHN under coupling, over coupling R L TW3. o, HiEEEEH
TREEE © DREEIREEZRTHDT, UTFDEI B0t i3,

Qioad = Qo (2.38)

Qo < Qexy (under coupling)
Qo = Qext  (critical coupling) (2.39)

Qo > Qexy  (over coupling)

under coupling [ZHIRIRD Q EXEEICL S QEI D BEWEETH L. Zux, HIREAEE
TR ZERPEEERIDORZVWILZERLTVWS. 2oL X, AEEEKZEL TEES
DTN, HIREFTHEE L Ao TV LD dREV. HIREF EHERE O 2 K F2
Z ¥ T under coupling ZFEHTX 3,

over coupling IZHIRZRD Q EHLFEEIC L2 QMELD B REIVWHEETH S, 20U, HIRINES
TRIZERPHEEERLIDB/NIVI L Z2ERKT 2. 20 %, ASRIRITE A CHIREICHES
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2.3 JERILFERIR

LTED, HEEKREE 5 ET 206K DRI HFME L THTL 200K 2w, HiRkEs
CANERER S DB R /NX < $5 Z & T over coupling ZHEHTE 3.

critical coupling [FHIRIRD QELFHEEICE 2 QENFLLBRI2GETHS. ok %, HIRE
NE DK R X 2BEEDPFE LIRS, Fi, MEZER T X0 24D, AL )8

7 — 32 THRIRFICFACIAD SN S.

FEBRINCIEZ e DTEBZNRT A =KL Quoaq & VT DATHS. JIELIZINLDEE (2.38)
RICKRATEZE T Quutona &, (2.26) R D5 Qe ZRODZZEMTE S,

2.3 FERAICFRIR

IR RNE T IIRE R CRAE T 2, KR EEICANZBICEE O IERERBuC LT
Do THAET A LMRZIET. T, BRI TDH 26T & o THAET 2 7MHDEDESITN
LU TR ICIEE LW DICHAET 2. IFREHEFTONM P I3ES E CRLTUTDO XS
REIN35.

;n:%(¢nE1+XmE2+X@E3+“.) (2.40)

T, eo IZEZEHTOHEERE, (D  OXY 3znznsi, 2 ROIEE, 3 XROIHLER
BZRERT. ~RINTERDBLREZRIINIVEDERDIEMREIEZRIZER T 2 2 22T
X, BEIGOCH L TRIEDIGE 2T 5. L L, BROBLUEZESK S WEE FEREEE)
%%mé%ﬁ%ﬁ&@ﬁm%(@ﬁﬂwxv—%&f)%A%Té%ak@mm®#ﬁ%@§$®
FEDREL 5. IEREIHE DHI% Table 2.11I7R8 .

e BFZo(y

Table 2.1 Example of nonlinear materials.

n o ne[x1072%m? /W]

Fused silica (Si0,)[39]  1.44 2.2
MgF,[40] 1.37 0.9
CaF,[40] 1.43 1.9
SigN,[41] 1.98 25
LiNbO4[42] 2.21 18
Aly ,Gag sAs[6] 328 2600

2.3.1 3 RIEBRICFERNR

SV AH T AP SigN, 2 EOMENIER N Z DA ANKFE LW, 20 X5 B EE2E S
IR, FHHHD D D2WETIHEBROIFREZRIZ0 RS, koT, FAEOD2WHEICE
WTR S BROIFIEERERZEER 3 X0b0 (x©) 42, X EXOIHMEESEZRIIIE
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WIS EHTEZ 2205, IEEO DI Py A TFTD XS ICEKT e TE 3.

Pxr, = eox P E® (2.41)

2.3.1.1 Y Kerr 18

Y Kerr $HRIEH 2 HDPEFDESL S L IIMOKEDEIZIC X > THHEZL X E SN EHRT
H5. IHHRE R TIINEE DN DOREEIC & - THEDJEITRBZT 2720, MENZET 3.
HEODBGIZ X o TUMEPIEIL T 28R % B OAMHZET (self-phase modulation; SPM), DD
T K o TP T 2R ZMHEAHFHZF (cross-phase modulation; XPM) & FEX. HEHD
JEITRDOZN An IZLTORTHobINS.

An = nols + 2no 1y (2.42)

ZIZT, ng WZLTFORTH 5 b I 2 IEFEEITH (nonlinear refractive index) TH 5.
3x®
2 4ecng?

g7, L L 3EhehBOMHEEHR, HEMHERICTS T2 E0HMETH L. (242) X TRS
N5 &S5 IFECHEDHEITN U THANHZR T E CAHZERAD 2 50 EirRZ(L R 5.

(2.43)

2.3.1.2 4XKER

4 YIRS (four-wave mixing; FWM) 13 ® 2 JERE 2 HD 2 D DT HIHIA L Bl &8 Bz £5o
2 ODONFVFRAETZHRTHS. Ldrd 2 DONTORABENFL VL SR 4 KRES
(degenerate FWM), JEIRED F75 5 & ZIEHER 4 YGRS (non-degenerate FWM) & FE. 4 6
BETRZAZNONT DB TIIRT & 5 R 3L ¥ —RIE5EMN: L (&M 2 R
W7z L TWAREND 5.

2w = ws + w; (Energy conservation, Degenerate) (2.44)

2k = ks + k; (Phase-matching, Degenerate) (2.45)

w1+ wo = ws +wj (Energy conservation, Non-degenerate) (2.46)

ky + ko =ks+ k; (Phase-matching, Non-degenerate) (2.47)

R 4 R E DD DR Y THO AT —D L EWVEEU FOXTHLbINS.
n?V,
Pinpwnm = T Zeft (2.48)
8nwocna

4 HREDPH A7 — FINCRAET 2 Z e THEAFK A L ZHEZIES 2N TEX 5. Figure 2.3
RS ML 2 A 4 BEAGICE D RETZNERKa L0—FTH 5.
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2.3 JERILFERIR

N
(@) (@)
T

Power (dBm)
N
o

—40F

_60 ol 1 1 1 1
1530 1535 1540 1545 1550 1555 1560

Wavelength (nm)

Figure 2.3 Spectrum of the MI comb that is the comb generated by four-wave mixing.

2.3.1.3 FESIUHEL
JPai T RTe X 5 IZFHFE T < VHELIZIFEBE T OE T + 7 Y e ASDED 7 x + v H3IEsEE
ERT B LTRIND. HEHOFETH 2 Kerr $HREIGRRD, 3FE T~ UBELDE
CYEDPERT 28Ik o THRAET S, AFOCEWEDNEH: T+ /7 >, FEI< VEELICE - T
HETDERA =7 ANTORPEE Z TN w,, Qp,w, £T2L, ZNSOEARIEUTORTH S
bIhsb.

ws =wp — p (2.49)

FEI 2 VEELC X o TAGPED S Qp ZIREBEBO/NI WA b= AXDFRET S, 20, Qr
IRV T MNERIFAN RS TFEIER, IV Y 7 MIWEIZ L - TEBAEDMETHD, &
A CIEIRIET Y BV 7 7 A CIILNRIE L 72 2. FE S~ VAL 4 RIHREE R v Bz D
FEoT X MY w ZiEFE (optical parametric process) TIXRW Iz DIGFIMTENTETE LRV (A
D720, 207, I UBELERBELE WO AD@ED BEA R ITICA b — 27 AN EFHE LS 5.
WGCM H#REHTHIUI A b — 27 ZHIERGEHE D & KEEFHE D OFel 7 3Bl X 5.
WGM HIREFH TOFET < VHELDO L T WMEZXROAXTHH b XN 5 [43].
2,2 2

Pty Raman = %F‘?g QF (Q@ Ql% (2.50)
T, n XERE, Vg 3R TE— FOETE— FMEHE, \p, \g ZZNThRY THE T~
HOPET FZRYTE-—RNE I E— FOZEBIRE-FOERD ZRIE (T ~ 1), g 3T
o~ U RIRREL (0.5 < g < 1), BIEHIRBANTBOHRTHELC X 2 HiR 7 —ORIERE, QF
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RYTHOLED QMETHD, NEQME QY HE QE QY ITk->TIRFEZEHTHSE. T~
2%, HREFTHEE T < VEELAEE 2 5 2 & THIRI OHIRE M > Ta ko rRT Fre
BolHDZ ¥ TH 5 Figure 2.4.

20 —
~— Spectrum .%

obk 0 Raman gain | @

c ©
:
T —20} =
2 £
= ©
g (@)}
—40 | S

i £

T ©

—60 1 P ”|MM e

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

Figure 2.4 Spectrum of the Raman comb that is the comb generated by stimulated Raman scattering.
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3 BSEPERFA

E3IE REMH

ARETIE> Y hay MUMMHRIIC K 2 7~ > a 20 LZEEDFHIEIC OWTHEBEM R Z R 3.
¥/, I3V A sDLERDOERITOWTRE 21T 5.

3.1 ZEMFFM

3.1.1 SEERAZE

AEBRTIX, FXYTALDARZ MLE 0BT 1 KEET 2 WS HIETI~vrard
EHZRENZFHMEL 2. EBity + 7 v 7% Figure 3.11IRT. %72, HHAHEEY Z b % Table 3.1
R, Ry FH2HIRWICAS XY, BRELEISVALEBELART VLB HART T 4T
FIAFICEoTHIER Lz, KY THDOBEEIZ 1480 nm T8V —1F 21.6dBm TH 5.

DA, FEOEREY MI 2L T ITo72. MI 2 2DFEBROEICIE, KV EDEE
\& 1546 dBm "C C-Band HiE#5 % W CHEIE L 72D 87 —% 100dBm 127 % K 51 L. SHEfE
L7V Aay RM/NMUHRBETIEFICS vy a 2R E LR T, Ml 2 A0FET 35021
7T XK THOBEE 7 v 73— X% U CHE L RICHRFICAFIETVS.

Resonator

AMP
O
1>

Laser

00O
[ORONG)

|”“h
OSA

Figure 3.1 Schematic diagram of the experimental setup for the measurement for the power stability
of a optical frequency comb with a silica rod microresonator. AMP: amplifier, PC: polarization
controller, OSA: optical spectrum analyzer.

3.1.2 EEFER

7Y ALRXZOVTOERERE Figure 321”7, EHOKIIHE Lo ~v>asdRRY
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WMIET 2V IDTI~<Y 74 UERLTWA. Figure 3.2(a) £ D, 1480nm DR > FHIH LT
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3.1 ZEMERHIm

Table 3.1 List of the devices used in the experiment

Model Manufacturer
Laser TSL-710 Santec
S-band amplifier AMP-FL8211-SB-20 FiberLabs
C-band amplifier PMFA-30 PriTel
OSA AG6370D Yokogawa

15801610 nm DHEPNIC T <> A ADBFEL TWVWE Z e D3R TE 5. Z4HUE Figure 3.2 IT/IRE L
23V HDT< YHIRFICHIE L TWS. Figure 3.2(b) 1 Figure 3.2(a) IC2OWT o> asDFE
LTCOWBHNDER LD THE. SHOHEETIZIv AP KREL 32T HIPNLTNS
HIPMERTE S, FHEZZTERZAZADIE a, b, ¢ EFER. a, b OILE 7 v RO —2
LSBT BIREIZ, ¢ DINIE =27 2 1ZWMET 2 IRRICENZFNHEL TV L2 HDHERTE 5.
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Figure 3.2 (a) Upper figure shows The 2D map of time variation of the spectrum of a Raman comb.
Lower figure shows the spectrum of a Raman comb at the beginning of the measurement. Blue line
shows the measured spectrum and orange line shows the Raman gain of the silica. (b) Enlarged view

of (a).

Zh2hDI7< >y a rDUOEFHOEVEHKIEST 5720, 2 Zot7ay hEILZeicyh L
b D% Figure 3.3 IRT. v ABOEY—27 1IBLTVS a ¥ b OUNIIEFEICARLRET, FF
2 a DUNZOWTITHIERLED S 25 BB L7 H72 D T—EHATWE Z e DR TE L. —7
T, E—Z2WBL TV c DN 2 oD e I U TIEFICHEL TWB Z e br b, H
ERTONRY —DImKAEE R/IMEDZL 3.2dB TH o7
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Figure 3.3 The time variation of the spectrum of a Raman comb for each wavelength. Peak c,
corresponds to Peak 2 of the Raman gain of silica, is stable while peak a and b, correspond to Peak
1 of the Raman gain of silica, are unstable

RIZ ML 2 22 DWTDEBKER%E Figure 3.41RT. 72, MIaARZDOWTHI~vrastH
BRIZ 3 DDEEEEDHL72d D% Figure 3.51R%. MI 2 ATHHZBIEEDREE X F LW
bDODT~ranFRICHERNANLER I L ZERALDTHERTE ], HRNEETH -7
Figure 3.5DFEDFERICOVWTHEFRTORY —DRKEE B/ MED T 74dB THolz. O
I, SHEOERELHVELETIEIryaLld MI 245D BEOREELE VW LS
5.
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Figure 3.4 Upper figure shows The 2D map of time variation of the spectrum of a MI comb. Lower
figure shows the spectrum of a MI comb at the beginning of the measurement. Blue line shows the
measured spectrum.

Power (10 dB / div)

0 10 20 30 40 50 60
Time (min)

Figure 3.5 The time variation of the spectrum of a MI comb for each wavelength.
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3.2 #itE— FRMRAE

3.2.1 EEHZE

I asDEENERIEL LT, I~y asdiftt— FREBOBEIEZIT-7-. ity v 7 v
TIOWVWTIE, BRI DARZ bV EEBZEICHE LD THERL & b I1RT. HIRET
FELTIRYALEZNY AT 4 NNEZEZHOTREZ CIOEARY bre = MEERHE
LTW3. NYEFRZTZ4NVRIZEHEUID B L08R ne ¥— MEEH155 < JIEDHE
LW, SEIOFEBRTIIANY RARXRATZ 4 LZDAY FiEE 2nm 1IZLT 4 HLLIE 5 Aoaln
EUYIDHL 74+ T4 77 RCAHHLTWS., SEERICHWZS Y 2y REVNEREIZHR
MMOBERED 1.4mm T FSR X 46.5GHz £ o> THD, TOHIBRETHRET I NHEAEKa L0 —
MEREZEHMET 203 L. ZZTHEZLHFHAFETHOTILZTH A AV FE2REZE,
A4 FAYRELOE - MEBRHIET 2 Z T~ asDftE— FRERZBEZENCHIEL -
(Figure 3.6). IXTOEEBICEWTAR Y HEOHEIX 21.6dBm THEKEIZ 1480nm TH 3. £z,
L-Band MRS E X VBEELFARPIREERE TS 2o, ThAPREKa > ba—F 2L
TW3. L-Band ¥IEZ:X pre amplifier, main amplifier & $IZHRAD 597mA OERZRL TWVWS.

i FF&ES % Table 3.2 IR .

446.5 GHz> Comb
Sidebands
Beat «
> |«
Frequency >

Figure 3.6 Image of the spectrum of a comb and sidebands in a beat measurement.
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Table 3.2 List of the devices used in the experiment

Model Manufacturer
Laser TSL-710 Santec
S-band amplifier AMP-FL8211-SB-20 FiberLabs
L-band amplifier LNHP-PMFA-18-L PriTel
BPF CVF-300CL Alnair Labs
M EODC-1550 PriTel
SG N5173B Keysight
PD DETO08CFC Thorlabs
ESA SSA3032X-R Siglent
OSA AG6370D Yokogawa

3.2.2 EERER

EiRty b7y ITBXUREE Figure 3.7 ICRT. ZOEBTRESREROE KR
783GHz, XV —% 18dBm £ L TW3%. BRARTZ b T LT F I 4P DFREEE (resolution
bandwidth; RBW) 1 300Hz T® %. Figure 3.7(b,c) I ZZNZNHEZINIZTFT VY T LDARY b
= HMEEERLTWS., ZhzhotidxsLTtsh, FlZIE 1600nm OFE T RSN R
RZ MDY — MEBRERICHEOTREINTWVWS., 7, BNz — MEEDFRIEIX 300 Hz
THotz. EHIKFEWZ 212, T~ rarofftt— FRERBZERKFEEYR D 2 Z L HEETE 3. F
RYALDEENEFEILTVS ref. [29] R P TOMMERMILZE 7~y asnzERLTWD
ref. [44] T 4 HKEBIC K2 NEBEB A L ZHOWT I VA L2 LESETVS ZDHE, 4%
BHRE I X 2 AP 2 2 DfitE— FRERBAERRTDH 2 WO REN I~ anitdimBE I s
<A LDME— FRERS —EIZR5. —TAERTIZZ <> 2 2DHtE — FRRICEERKENE
BHDZemrs, Uiy RENMNUHRIICBT 2 7wy asld 4 LREAICE 2822 T
RO ehbhd. XoT, MERZEHIIOVWTD 4 HFRE,PHDHFLIIRL, T~v¥anBik
TRELTVWEEEZ5.
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Figure 3.7 (a) Schematic diagram of the experimental setup for the measurement of the power lon-
gitudinal mode spacing of a Raman comb with a silica rod microresonator. AMP: amplifier, PC:
polarization controller, BPF: band-pass filter, SG: signal generator, IM: intensity modulator, PD:
photodiode, ESA: electrical spectrum analyzer, OSA: optical spectrum analyzer. (b), (¢) The spec-
trum of the Raman comb and the beat signal, respectively. The color of the beat signal correspond to
the save color of the spectrum. You can see that the beat signal has the dependency to the wavelength
and the Raman comb in the silica rod microresonator is not from the four-wave mixing process.

Kz, HIRBLERBEDH v TV ¥ I EERX B TCRBOEREZIT-o7-. EBty b7y B &
USSR % Figure 3.8 IORd. ZOFEBRTIMEERAERDEAIEZ 10.5GHz, /87 —% 18dBm & L
TW3., BRARZ N ILTF 74D RBW X 30kHz TH5. HIFXOEBRLFEEICT > a
L DT — FREMRBIIMREEDZ DD, 4 EREEICE2 70 A 2ETOWRWI EAHETE 5.
X HIIESHIDOFHEEBETIIE — MEBIC 220D Y =7 DR TE 5. Figure 3.9 & Figure 3.8 ZHLKL
725D TH 5. Figure 3.8(b) & Figure 3.9 206, ZDOIFXYALFHE—DE-F77 IV —TIX
BRAOBEBOE—F77 IV —=DRELTWEZebrs. SHEHEAWVWESY vy MUNMHRER
HIRIHPDOE— FHBENKESME— FPREELAE— FET TR AEL IDERD S D HTFEET 2HE
Lo T3, Z07k®, RGBT TOE-FHEEICL o TRY THOE—- FIZRRZE— D

33



3.2 fEE— FREIMREHEIE
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Figure 3.8 (a) Schematic diagram of the experimental setup for the measurement of the power lon-
gitudinal mode spacing of a Raman comb with a silica rod microresonator. AMP: amplifier, PC:
polarization controller, BPF: band-pass filter, SG: signal generator, IM: intensity modulator, PD:
photodiode, ESA: electrical spectrum analyzer, OSA: optical spectrum analyzer. (b), (¢) The spec-
trum of the Raman comb and the beat signal, respectively. The color of the beat signal correspond
to the save color of the spectrum.
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Figure 3.9 The enlarged view of Figure 3.8(b).

3.3 &4

AHITIE T~ A LDOREWRIZONWTHEMEITo 7. 1 DHOFEERTIZS Y AMEE w73k
BICBVWT I~ Y aroBEREREHE L. ZOME, VMo I < HiFicBir% 2o
DE—ZIZOVWTENZFNE—7 1,2 Lz &I, ¥—27 1 TREEFICT > a 20HEBEL -
DAEMINI D BREIFFEICALETH S Z e HHERTER. —/HTE—2 2 TEERHICI~>Ya
LIEELTED, 1 KEOBIEDHT 3.2dBm DADENTH -7, MI 2 L TORMBDFIEERIC
B AHERTIX 74dBm OZDPHERTE 222D, IV LD -2 21OV TIE MI a4
XD REEWEDNE N ORI N

2 OHDEERTIZ 1 DHOEBRTHEXI NI~ a2 LDLEWIZOWT I D EICHE S 572
B, asDEE— FRERBOWEEZIT- 7. HIEOKEE, attelr iZBZ e v M cos~>
2 AEHEE — NS EREURFEDR D D ARSI L 6T IV a 2 BIKTRELTVWS Z
EOMERTE Tz, Thbb, 1 DOHOERTHREINZIFvY a0 —2 2 TOREWIZTI <>
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F4E XFFIEET

FEMEFMC BT Y AN RSB 29~ VI ADREEL TWE I LR TE-2
D OEERANRE L TOINHADARETH 2 EXD. 22T, AERTRE IV YALDONELLTD
BRI & -3 5 .

4.1 1EERBRE LTHO ST Y L0

411 EEBtvy b7y

7Y aALDIEERMEETHME S 2 72D L-EBtE v b7 v 7% Figure 4.1 IZRT. 7%
YALRFREZIELDDRY TIIWE 1480nm TH Y — 21.6dBm & L. FELLT IV
ALEFART =DVNE L Z DX ETIRMRARHEZ FHIli T & L Wiz®, L-Band MG Z HWTARY —
ZHMEL TW5. SEMHWVW L-Band HIESRE pre amplifier ¥ main amplifier %4313 TEHHA]
RERETNZHWTHARERIRD / 4 2R T 5 7=-DICZ NN DFEIEARDERIT NS R 7 4 L
&% AT HARBEEMEYE (amplified spontaneous emission; ASE) / £ A ZFRELTWA. NV R
NRATZ 4 NROPDLER L RERZFAE LT, ASE / A XORELRIKICI vy asnz—ARYD
H LU 72 b O 2 EE R Ml Wz, Pre amplifier DX A 4 — FADEBERIIHRAD 597mA & L,
main amplifier [FEBELRD T~ > 26D 0dBm 7225 XS ICHEI LTz, NV RN T 4 VX DK
RIEX 02nm &L, BELLI VY arlabE THLEREZEELL. HEEZALI~vYan
WFIREZERRIC L - TIRIEZFREEZRE LN, AIEIET v 7 1 —& (variable optical attenuator;
VOA) X o TRY 2B LB T+ T4 T 7 RIAREND. 74 2T 477 XDES
BLo—F 4772y TV rFruRa—TF i THlESh, =5 —RERTLy b
Z—L— 1 (bit error rate; BER) L5 DMEZKT 7 A XX — (eye pattern) 23 Z N ZHECER
b, DF D, AEBRIEELTEHEMIK (intensity modulation and direct detection: IMDD) 75
R T 2 HFOEERMEZRE L T b, F7, HIRETOVWTIES Y vy FUNMEERER, >
D AUNERIRER, U A a4 FRUNEERE O 3 MEOHIRGB VIR 21T 2. ZhZEho
HIREFDO K E X & FSR % Table 4.2127R7F .
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4.1 ARERDEIRE LTD F < > a o ORH

Resonator PPG
S-Band Q L-Band L-Band
AMP AMP  BPF AMP  BPF
Error detector |
=T
PC Sampling OSC]|
PWM

Figure 4.1 Schematic diagram of the experimental setup for the measurement of the property of a
Raman comb with a silica microresonator for transmission. AMP: amplifier, PC: polarization con-
troller, BPF: band-pass filter, PPG: pulse pattern generator, IM: intensity modulator, VOA: variable
optical attenuator, PD: photodiode, OSC: oscilloscope, PWM: power meter, OSA: optical spectrum
analyzer.

Table 4.1 List of the devices used in the experiment

Model Manufacturer
Laser TSL-710 Santec
S-band amplifier AMP-FL8211-SB-20 FiberLabs
L-band amplifier LNHP-PMFA-18-L PriTel
BPF CVF-300CL Alnair Labs
M EODC-1550 PriTel
PPG MP1761C Anritsu
VOA DA-100 OZ Optics
PD HTG-SFP-SMA HiTech Global
Error detector MP1762C Anritsu
Sampling OSC 86100A Agilent
PWM 816348 Agilent
OSA AG6370D Yokogawa

Table 4.2 Comparison of the size and FSR of the resonators

Resonator Diameter FSR

Rod resonator 1.4mm  46.5 GHz
Sphere resonator 186 pm 320 GHz
Toroid resonator 80 pm 820 GHz
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Figure 4.2 (a)The spectrum of the Raman comb and pump light. (b)The eye patterns of the Raman
comb and the laser as a reference. (¢)The bit error rate of the Raman comb and the reference. For
each figures, red line or dots show the Raman comb in the peak 1 of the Raman gain of the silica and
green line or dots show the Raman comb in the peak2. In this figure, I name the Raman comb in the
peak 1 and peak 2 Raman 1 and Raman 2, respectively.

4.1.3 HiRBEZ L DIEFHED LR

Figure 4.3 > VA v v FHUNERSE, >V ABUNRILIRSR, > U b A FRUNLIRSR 207
NEHWET <Y asDEERE%E Figure 4.3 IC/R”T. Figure 4.3(a-c) 1XHH L 72 HiRER %,
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Figure 4.3(d-f) \JHIE L7z A7 bL%, Figure 4.3(g-) \FHIE L7274 8% — > % Figure 4.3(j)
BHELEE Y P2 —L— P 2ZNRZIURL TS, F7, R, ART b, 74K —>
WKOWTEERSIEIZT Y Aay FMUNEHRER, U AM/NRIERE, SV te A FRHIREBED S
DEZH-TWVS,

(9)sf ...
o} 3 Y 0
AT R _-~"~' ¥
—1f e . R -5l
~—— Sphere (h) 1| o vV A AMA:AA
A
= . . T 105} v ‘“
| 3ol N s R
‘ H o - &
g Saan w v
g -1 -. . . . . Spherel
1077 -
— Toroid [ (i) 4}
s v
or 109} wv
d
v
-1F ¢ e« Toroid ww w
1475 1500 1525 1550 1575 1600 0 50 100 150 200 -25 -20 -15 -10 -5 0
Wavelength (nm) Time (ps) Received power (dBm)

Figure 4.3 (a, b, ¢) Image of the resonators. (d, e, f) The spectrums of the Raman comb and pump
light. (g, h, i) The eye patterns of the Raman comb. For each graph, the data for a rod resonator,
a sphere resonator and a toroid resonator are shown from the top to bottom. (j) The bit error rate
of the Raman comb. Blue dots, orange dots and green dots show about a rod resonator, a sphere
resonator and a toroid resonator, respectively.
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Table 4.3 Comparison of the comb power of a Raman comb with different resonators.

Resonator Comb power (dBm)
Rod resonator —28
Sphere resonator —12
Toroid resonator —13
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Figure 4.4 Schematic diagram of the experimental setup to investigate an affection to transmission
property from comb power.
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Figure 4.5 (a, b)The eye patterns and the bit error rate for each power before amplification, respec-
tively.
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FE—FR7 73V =DPHELTOVIIHARI P T LT FIAFORETIIMERT 2N TER
W, DFD, AR N ITLATFIAFTHRTERVE S BIEVE— R 7 7 IV =DMl EE
RFICIEA LT L EWVmERHEIC B2 52 HEAEZ 6N 5.
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4.4 HER

AEITIE T <> a aDEEANFEE L TOREFEZTo 7. HIDIII~YYardDE—r 1 &
=272 DIKTIEI~>asDE—2 1 BER = 1078 £ TL2EERET, X TBERDZE
L VO LT, E—2 2 TIESHOEBRTORMTH S BER = 10710 ZEK Lz X5
2, =27 20@ERMERZY 7 7 LY R LTHOWERY THL —F ORERME 2 1ZI38E 02 <,
IYALDE—7 2% VD Z Ik B mER OB LIIHRE I N b o 7.

Xizay FIEIR, BREK, baA FBRO 3 00RO > ) A /MEREZH W THRAE LI <
YALDE—7 21 OWTRERIMEZ I L. ¥—2 Z ot THWE e s RERO> Y
/NHEIRERCIE Edbd £ 3D BER = 10710 ZE#EK L T Y RWRER 2R T 2 2 e BT E L.
L2 L, BRIZIKTIE BER & 107° BEFTULLHRTE S, 748X =22 /) 4 ADTERTE
2. X5, vy FIBIRTETZA X —VIFFEAEHWTES S, BER b 1071 12T &ffi/lz 20
BEDERETH D Fo 7 BRENTERVE WS ERICK - 7.

FHRE LTETEZIONZDONRELEISYALDALNT—DENTHS. Fcay B
TIEa LT —p/NE L —28dBm LW, T ADRRTS 7 FL ) £ AEHREIC 59T
BRWAEEE D o7z, 22T, T2 LD2 LRV —DEVOEELFTARL DL —Y
Za MZHNTTUEREZHE L. Z206%R, 22407 =% -30dBm HIUX T THS &0
IFERENE LNz, oy FEROFEIRIICIZ I~ asDa sy —I3ZDHISEL, #HHHKS
DEBMEERHEFMEBR T2t v b7 v TOEWZ & > Ta A0RE Uit 2 Bb X2
TW3HEHEZLNE., LrL, REROHERBTOI~v > aLrDa LU= —12dBm THDH
LR = TREEREOE(ZHHATE 2V, ICERE LTEZ N3 DOBHIREFIRT
H5. WEMNFHHOH THHALZ LS 2u y FIBPIRCTIEEROME— RBFEE LG 228, ERIFIRT
& [FAIRRICE — FHEEIZIA S BROME— RDHRETE. 2Tk, HEDOE—-—FK77 IV =%
A UBERYID LB ICER O 2 oD RET 2 2 8 I8 X o TRERMEDNEL Lz 2 w5 B
MNEZONS. oA FEREE— FEEIMED 2 FEOIRICHER TN S ERDE— FIZFE
LI W, B—Da A TOEENTELEERMEO RV OMBR oML EZLNS.
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ot
S
o
p=(1113
£

E5FE fam

ARFETIE S VU AR WM RIS X 3 5~ > a 2 O EFHE 2 ARER o 31 &2
iTo7-.

FPREWETHICOVWTS U MR OHIRIICBII 2 5~ a,d¥—2 1 —27 21280 T
BEREND RS Z AR TE. =2 1 TR I~ asZBERe EREZ#RD IR LALET
HB—HTE—2 2OV TEEEL TV, ORI ref. [28) DHFHE L —HLTW3. %
7z, MI a2 AQZEMNE OETIE ML a2 A0HEAIC 7.4dBm OZFZ L TWDiIHL, 7=
YALDE—2 2 TIE3.2dBm DEHTHD, EDEELTWVWEIDHERTER. 723 LD
#tE— R DOEIE TIEMEE — FREFRICERBIRFEE? D 5 2 L PRI . Zhid, F~ra
LD ANFRBIC IO FTICHAEL TWE I 2R LTED, HiROBELZEET T <> a 2BRT
ERLTW2 Zedbhol.

ZEMWTHEICE D 7~ a s —27 2B SHPRETH 2 L TR TE 20, I~ a
ADEERFERRIE L. EBICS~ra,d¥—2 2 TIE BER 2810710 £TEEL, L—¥%
WG E L IZIEEDL S B WVEEREEHRI L TV 2 Z e DR TE L. ¥—2 1 ORERERE
BER = 1078 ¥ TL2EEE T, LWEMHAOMRE — T 2 -7 1LIIFLETH 5 LWV IHHER
BEFoh7z. iz, HRBIRD 7 < > a 2 DIERHEIC G X 2 82Tz, 2 ORER, HiRE
R & o TIRERED L T 2 Z e RSN, BEXONZERD 1 DD a a7 —DMEIC
OWTIZHEND BRI RENT=D, I A LD LT =3 HoRBETRELTWE T
HEEIOFEFRIC BV TIEERMEOE MO ERFERTIIRVWEE RS, 5 —2DFKE LT, #
REIRICEBHDE—F 7 7 3V —DRADEZHNS. FERICHEE — FEBHIEDOBICE—F
77 3IV—DERZ I ALPEBRELTVWS ZEDHERINTED, vy FEIRPEREIRD
HIREF OB 42 DE— R 7 7 3V =RA L TaEREZ BB algErE». Z
MU OVWTIEHIRBBOIRE G LE— NHEE /NS T2 2 THEDARETH 5.

fEEme LT, HRBERICE> TR 1ADaL0AaZ2Y D S 2 L AREETH D RERHEEL
TR H57DT7<YALTAREICHT 3BT EUNC IR L RET T2 e BB ETH S
B, 7= YA MEEICHDPTRERBE T FICEELTVWD EWNWR 5.
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