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1990 D IT HFwmlfF, 2L DADBFRICA Y X —% v PEFHATE 2 X511k -
7z, FRERMAROHEN E T RIEH A HEA, WEREFTIIRIPERNDSDE RS> TV,
2020 2 SIFHATHEHE 2 HIC 5G DEA MR E o 72, FhFHMaoF v L2
DFATICE D, VT4 VHFEFOEKRRL) E— U =7 ORI IN, H2eEIicEl)
ZHEFRRIFTETEEF-TVE. 5%BDaL TV YVDOERLS 0T OHERR T X
b, BEHEE N 7 by 7 OWIMERIERGE T 2 Z e B TPEIIS.

EEEREERE o BHRICBVT, T—XEREEOHEME & b ICHEL 2 DIE,
T—RDPLDWDICk-> THEFNIZENHETHS. ZOMEICHT 2MRED—DL L
TR TV 300, BEXERMBICEDD AW AT LOEBRTHS. BEX%
AW ERRTIRELSIRIICHK S Y 2 — LB L 2 T3V F —1BEBIFEL, BIROBME
EBDWRI AT —HERHKRELR L. HEEEE T HWGEZ DT 1LY —a AMETE
B, MVENTOELAREE 2D, FLATALF (L ERT LI HARETD
b, HEBEBNHEO—DODBIRKL 25 THA.

AHFZEE, CEREBICEIT 2T — FAMHL - ERDIE X 2 MEE, RN Z
HLUTHRTZ2ZEZHNE LTED, ZAUXFELBEOEMC X - THHARER LI
TOE— FRAAL —PHFEOEHEHIETDIOTH 5. IOWERTIUE, @EEEFEHLR
TENCHL R TE2E X 5.



1.2 fWuhetiREs
1.2.1 fWuheHiR2zD14sE

UNEEIRARE, JER M/ NEENICEHCIAD 2 Z e DT X 2 NFRTFTH 5. Ve
RERDMEREX Q EH (Q:Quality Factor) & E— FEE V O ZODFEFIC L > TRE N 5.
Q EE IFHRBNCB VTR NI IACIAD SN2 D0 2R L TE D, HiRAEE
wo ZAWVTRD LS ITERSINS.

HIRIICEZ SN TV D TR LF— []]

Q= 90 X B D 1 b s T % — 1/ (1.2.1)
HARILPEID RLF — B3 1 /e f & 72 5 I 7 BRIV S & Q fiEE
Q =wo X To (1.2.2)

£7%. erHFmARVHIRE, $405 Q HosWHHIRGIZE T x ¥ —HEKD DX
WEEREZR D DI 5.
MNEHIRER D Q B2 T 2 ZENIIER-RD D, TR TREIND.

-1 _ -1 -1 -1 —1
Qload - QMATERIAL + Qscattering + Qradiation + Qcoupling (123)

GlZznZ RN, REHGEL, BEHER, MEHEATHD, A5 DHEKDEICK
D RKOVRE QL AR E 5.

E-NMAE VI, XZHACADZHEBORZSIZRITEETH L. ER F(r,y,2) &
AERc EHOWTXRD XS ITREINS.
_ [ [ | elE(z,y,z)?dedydz
= T naald By, 2] (1:24)
L DFNERICHEEZCBACIAD S Z 2 THAEERNKZ @<L 720, BU/NEHIREEDY
B QMEMIKEL, VHINIWBDIFEHEEDE N DL 5.
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1.2.2 fWuheHiRIzDiELE

122a 777V - RO—HRSS

7 7 7'V - Ru— D4, 1899 412 Charles Fabry(1867-1945) ¥ Alfred Perot(1863-
1925) BREELETBIPHEE L-oTWE,. 77 7Y - o —HiREIZ Fig.1.1. IR X
N3 L5, ZKROFITTERNEEF - 728 Z OB OZEEIC X > THIRX ATV 3.

Out

Forward

Backward

Fig.1.1. Schematic illustration of Fabry-Perot cavity.

HIREFICAG L2 I ROFEDOEZFEEL, WL F— I EF LT, HiRER
MICEERZERTE 2 IER, I 7—HoiEis L, HIRHRNHOETEEZn 2L, 17
ET2HOBEE N 2T,

mA=2nL  (m=1,23..) (1.2.5)

ERIZeHTESL. XD XS1T, HIRIFNICTEE T = 2 50D BB BERUT 728 % BL
20, ZoE%Z FSR W5, FSRIZEH®E ¢ ZHWT

&
FSR = — 1.2.
SR 5T (1.2.6)

ERBITHIENTES.

777V - Ra—HRHDIF-DRFREEITHILIED, HREFBEIL, QH
EEmD b I eBAliEL b, E— MEEPIRELEMEDPHE LNV WS RARHZHD
D, Q=10 25 @R R OMER M I TV 5.



122b D4 ZNVYTF v 5 )—E— FHIRSF

TARARY Y ITEX YTV WO ARNEREe Y FIZH 5L PRIV KEED F—
LITHELTED (Fig.1.2(b)), BHAEOR—LTRHEEZRT 2L, BEEHZKH L TELD
BN ANDEETHEARCBERD Z L 21657, Fig.1.2(a) I F— ABEMRWVICE OB
YAy = S R N

Fig.1.2. (a) Schematic illustration of Whispering Gallery Mode.
[http://www.sonicwonders.org/images/whispering(2022/01/20)](b) A look at the
dome of St. Paul’ s Cathedral (London).

U &5 RAHATHELIEIREBZE O T 2EORIRIBE Y 4 AR VX r 71 —
E—F (WGM) iR e w5, WGM HIREGFOMEIIERD D, Figl3. ITnT L5
T 7 ANDFIHZRT 5 TTELI VAR R, 77 A NZRALTHZEIETTZ
WEoTTERRMMMRER B, 2V av¥s—ETF s 228D ) heFHT 4 A
IR W, ZLTCHEOHEDET LT H SV H baAg FHIRE B 2yBhiFs
ns.



Fig.1.3. Some type of microresonators. (a) Schematic illustration of sphere resonator.
(b) Microbottle resonator. (c)Schematic illustration of disk resonator. (d)Schematic
illustration of toroid microcavity.

ficd, HOZWHEICE > THADHIRBLELET 5. 22T, MglF, % CaF, %M
WA IHRAR T, Q 23 1010 Y IEFICEMERER D OERH ATV 67, 72721
RO ERIIE SR 2 UHI LB T2 22 Itk > TiTb 3 728, FAEE mm
Mo em & KRE L, EBECOFEITFETS 5.

Fig.1.4. Calcium fluoride resonators that have Q = 2 x 1010,

WGM HIREFOHIRER A &, BE RISHUTUT O X5 25207,

I\ =2rR (1.2.7)



HIRIBFANZ LM T 2D INF —DEE 2 2 & T, IFREICERNRZ A S B4 Y PREL
ReBRITIEDAREL LS.

1.22.c 7#bZvUiERitiReS

74 b=y 7fiE e, BITERSERMCEL T 2SR TH D, F/ BEROEGEN
OFIENZHVWSN . BEFEERTOBFI I —IZEANY FX vy v TOEET S0, 7
NEWEIRETT7 4 b=y ZHEPORTFIINLTH 74+ b=y IR Y Xy v S
PFET . NV FX vy v THORBEB R - 73T 2 EmTc 2wz e 2HH
L, Sz Ins. —RITL7 4+ b=y ZH#EifHiE 1987 412 Eli Yablonovitch, Sajeev
John Ik DEIEE N, ZALEZR, =RD 7 x b=y ZFEMITBOTHHEIEAT.
Fig 1.5 Q=R 7 #+ b= v Z i OME L R T .

thin dielectric
(a )defect region membrane

2D hexagonal air hole pattern

Fig.1.5. (a) Schematic of the 2D patterned dielectric slab. (b)Top view of a microfab-
ricated 2D hexagonal array of air holes with a single central hole missing. [O. Painter,
J. Vuckovic, and A. Scherer, "Defect modes of a two-dimensional photonic crystal in
an optically thin dielectric slab" ,Journal of the Optical Society of America B. Vol.16,
pp.275-285 (1999) |

—ZU—E7 F P = ZRRBIEAR FREDRMYIEEICS HWo 2B HRZEETDH
ZRIE, ZRIED 7+ b= ZHEEISEIANICEITRNZE T 2SRRI D %
ﬁfé CrWREDZZRNAMREL, BEELHRFE LTORSEZFLE2 2N TE
%. WGM HEIRFINOERINIC I D HKEZHATAD 225, 74 b= v ZiifRHEIRRE T
Ty TR K > THEHUAD S, ZRTD7 + b= v ZFEREETNDOEN T v 7
R 2X5% 74 b=v IV FERFOED, HEHAEE>TWS



1.22d YIRS

Vv RN, SEITME  RESTRME 2 HAGDE S Ik D oK
T HIBRTHZ. CMOS 7t R X > THEHTE 2720, FHRTHHEDEWK
FIEIEEY 72 5. Fig1.6 12V ¥ ZHIREBROME R RS, M/MEHIREE . LTI, SiOy &
W EWCET A BEAWESDOREREL>TED, SiOy OEITHRIF 144 THZDIZ
WL, EBrARZOERREIBLZ 2.0 DD EREEERT-T. Ebr 4 BIXIERE
BT ny HEWT D, 1D DOIIRETLEEAIERE A & DML R WV & W S R D7 E
T5.

Fig.1.6. (a) SEM image of SiN ring resonator. (b)(c) other SEM images of SiN ring
resonators that have different FSR. [D. J. Moss, R. Morandotti, A. L. Gaeta and M.
Lipson, "New CMOS-compatible platforms based on silicon nitride and Hydex for non-
linear optics", NaturePhotonics 7, pp.597-607 (2013) |

13 FSKRE

HTANA ZRXBOTHBEREIE, V- HIREZ T 2LDRXRPELRNDDTH L. L —
¥ (laser: Light Amplification by Stimulated Emission of Radiation) {&iA&E i H 1< &
IR OB Z RS, faAE, REAE L, BRTORwat —Lv > Meedt
S5 MEHEEE LTHULAMEHZ KDL DL —FDHFEINTED, Zhth
RzfioTwa, MTIGIEETIRMEIATELL —F e HvohTw 2 FGHE %
BEZrIcELD 5.



1.3.1 Ef&L—%

EfARL —31%, 1960 412 T. H. Maiman IZ K-> CTHFE X2, HAPIDOL —FTH 3.
FEHE Y L CRERDOLE—Z2HWTWS., LE—ZEBL7 LI =7 4 AlL,O3 OZFE
ThHhH, ™ LTrus Cr DRALZIEYTH S, BREEMICHEET S 270 L%
U REE D2 TR L, BEMESHC & - T 694.3 nm OFROXZ T2 Z e BA[RETH
5. VE—L—VE3ENRTH S0, MELLZRT S TOEMEREZL, DLIE
b RIEREDOBTOL —FRIEL o TWa. 207D Crit o H L% L
NS LRI AIREEZED T RER DD, TXAF 3R LTI1T 4 ¥R X
DL 2. AMENZRDGE, L—YHRIREOBO T 2L X —BEIL, REEMATIE R EE
EMNEDDUEHWEMNADER R > TS0, KEDHOEENAEIDEI DTV,
4 MR E WL —FORFHLHID Nd : YAG L—HTH 2 #. Nd: YAG fbqHix
YAG (Y3Al5012) fE&O—E8% Nd ICEI LM TH Y, A x ¥ —%2525C

KDP(KHoPO,) fifkiciis Z & T 2 50, 4 fFEoERp»rIaEr 72, MR T
EESEFTHOOLNA L —FDOREEL LR >TWVWAS.

(Eaj)ﬂﬁﬁﬁ (I:{)m&&%

ERE AN ERTELEMN

[BhiEe hiEe

T#f

l

HEKE HEKE

Fig.1.7. Schematic illustrations of (a) three-level laser (b) four-level laser
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T A (Er: Erbium) 4 v 7Y 4 (Yb: Ytterbium) 7 & ot %2 H
WL =T 5. KRB ETANA R LT, AT ARIDET 7 4 ~\HiE
#r (EDFA: Erbium Doped optical Fiber Amplifier) 23® 6015, ALY AT H
LEFRIUEDIC3EEMNRTHY, L—FRIRICEK > T 1550 nm OBPDAEETH Z. Z
D RIZCGBEREFHTH D, BEITHICB I 2EHELRKE TR L TV, BEARNR
EDFA Of§iti% Fig.1.8 [IRT .

EDFA

Multiplexer

\/ Optical

Isolator

Pump LD

Fig.1.8. Schematic illustration of EDFA configuration.

FFZHEMEXE272DIZE 7 7 A NS 2 Er 4 4 > OEZ2ME UL K03,
ZORIIIRADZ DS, Er AV ZHRMLITELZETAAVREND I FARY) VT %
R L, 44 RIS 25, Fig.l.9ITR$ 512 4113/2 AN XNz 20D 4 F >
D55 1 OB I RIZEEN, 35 1 OPRERENLBE TSy Far—Us
YIEETLES.

11



Er3* Er3+

*S3/2 *S3/2

4 4
i1z li1y2 Up-conversion

wu ovs

4113/2 4113/2

wu 086
wu oGS
wu 086

*Lis/2 *is/2

Fig.1.9. (a) Schematic illustration showing luminescence of Erbium ions. (b)Schematic
illustration showing up-conversion process of Erbium ions.

Z DR E 2 5E0E 546 nm 32 TH D, 1550 nm ONZEMELBFL e N TE
B7RoTLES. V=L —HDHELHEL LI, BET7AVI=T L% ) HICEHM
THZLIWED Er A A YORABEEBLT VI =T L0, SEERITH-TH I F
AR Y TOBRBHARETH 2 . R UHIEILRTH S Yb 2FEKHCHMT 3 Z
kb, Xo#ENZL —FRBIRVPATETH S 19, Figl10ICEr 4+ >D7 7 AXR
VYT eBET VI =T MK B EERLI-ETILERT.
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(b)

Silica matrix

e Si
O 0(bridging)

O (non bridging)
@ Er

e Al

Nanoparticle d

Fig.1.10. (a) Scheme of Pair-induced quenching (PIQ) and homogeneous up-conversion
(HUC) processes in Erbium-doped silica glass. (b)Scheme of Erbium-doped nanoparticle
structures incorporated in a silica glass matrix.

1.4 AJEEFNIRIN A

ATBEATIRIRFE 1, ASDEDIBERE WG EIIOEZEE L, MEMONGE I8
ZRINS 2 X5 2Rt 2 BT 5. ATRIHIRINIR D AGHE T2t 2 TINE o(]) 1,
7))
T 14 1/ L
ERTIENTES. ap IEFAREE (modulation depth), oy, ITKRTEIRRE, L W FEIA
EZRLTBD, ZFREEI T EIRTINAOREDIERE L 72 o T 5. AIRIAIRINAD
REVLEHE L TH—RYF /) F2—7 (CNT) 2EFo53. CNT IFEOT A ILF —
Mz ongs, FEMICHE SN HEFRORAZMZ, £ BEZRRINL 7% < 7%
DR H 5. ORI K o THEDESWASHEEE L, EEDFHFIEEWRING 2 Z
LOA[EEY 72 5. Fig.1.11. (2] S 2 R .

a(l) + Qs (1.4.8)
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@ sa

low power
P | a_bwrbed

high power Time

Fig.1.11. (a)Schematic illustration of saturable absorber effect. (b)Schematic illustra-

tion of saturable absorber effect in time domain

15 E—FOvVY

WANRZAER 220D HFEIEBEFEEL, QAL vF 7 ML —F UL R EHHE 12,
ZLTE—Fuy Z2RepEronsd. L—HIREBMCENE — F e Eh 2 tolE
BOLUFTOTNENNFEELTED, ThSOXONMHERZZ2ZE2E—Fry 7 2T
S AEDHTS eI X D BIREDIL L 7R 2E D ER D G WIEDR L IR B 7z, IR
TRZ2 B VAR T 2 Z e AJREL 2> TW3. Fig.1.12. 1 ML O fA %R .

i

Fig.1.12. (a)Schematic illustration of ML structure.[https://www.fiberlabs.co.jp/tech-
word /mode-locked-laser/ (2021/1/22)]

AABDRI > TZ&E CBT)ULANRETS $73)ULAS

E— PRy 7 ORF IR LITIEE ZBN R ERD 5. REELE TR LTI
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B8, BXOFERE L Vo ARG HIRBRICAN, BESICLkoTE-—FrY Y
Y5, ZEE— ey 7Ok UTIERTHEITCHRES U 72 BRI AEZ v % & D53
FRemoTW3. ZOMEREIC X > THROEITEIENT 2 5 —%REH W72 €T —
Fay 7 FESHRI TN S 18,

1.6 ZAAZDOEB

T—Fry 7 L—¥F, FREESAREMRINEDIRICE > TE—Fa Yy Z7D0ro
TSN AZW T 52 TES. Figl.13. ITRT & 5 KM/ HEIRIRIIH L TERS
DOBEZAM, BT 2 2 I L 5 EREFTIEY 2/MIOZE £ — FRIIL —¥ O
FAFEHE E TV S.

Erbium-doped

microresonator Carbon nanotube Signal
m (1550 nm)
Pump
(1480 nm) Il III
|

Fig.1.13. Schematic illustration of on-chip mode-locked laser with CNT and Er-doped

microtoroid.

L2 L CNT Bfiz 2175 TRTI VA baAg FHIRHEOMAEIIKE L EBAATL
% 5. AWK Fig.1.13. IR L7 L3RR D, FEEE L af fafIR I 2 7R,
BT 2 HIRBENLICLIZETAEE X, ZORMEICOVWTH—-HIRRETIL L DK
BiTo 7z, DR URABEEHSE 100 GHz & IEFICE WL —HHE . U TOMRED AR X
NTWBZDOYYH buA REIRIET, EICE Q HETO IV R{EBEBTEIUR, A
BOETOMEENIARFEINS.
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52 BT R L HIN KR O OIR 2 WV, E-HIRBHTOMARHE T A
E-FHEH@IIOWTELED L. 7, HKOEMEZFETIBICHELEREZ AT v bR
Ty 7 =) LRI OVWTHFAT 5. 5 3FTIFH—HIRFET LICOWT, FEBEICE
BIARE/ 8T X — X 2 FHWT ML BifErTRE R #PH O BER 21T\, CNT Bffiic k% Q fHD
HHIAARIZ X B BICOVWTING. 54 HTEE 3 THRLNLMER IR L A5,
HIRIBBE O SR E AL X BB ML SIfEHEOFERE1TS. RERICAHFEDOF &
DHEH 5 HETITS.
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52 EB
[RIE

2.1 HEE—FRIBHSG

ftir e — FHER (Coupled-mode theory) &, BB EHTH W2 72D E - FEH
ThH2 M, SEETIIERKETONTFIC Y ES T, MIDERIRBOSEFICD LW
SNTED, HIRIMACHIRE » B EIEICB T 2 L0 EHE T T LT 2 2D Bk
HEE o TW5. Fig2.l. D L5 RRF L ERBOMEET LV EE R 5.

Fig.2.1. Schematic illustration of coupled mode theory model with a side-coupled microresonator.

T 2T Sin BATHEDIRIE, vine 3IIREEE DIAK, Voo 1 FHARA & BRI DR S
WKL 2ERERT. HRGADE— FRIE o DRFEZELIEIAAIC L > TEZ 5N 5.

da . (’Yint + ’Yeact)a
— = - — 2.1.1
= = jwa - It L (211)
1
= 2.1.2
" Text ( )

T IT, B FMREDKRMBZLD 0172 2R, EHREEZZZ 2, HIREGNERD <
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YV —alZ B
a= - _ (2.1.3)
j(wo — w) — ((’ant;")/ext)

b, WIE Sour 13
Sout - S@n — Ra (214)

D, (2.1.3) KK (2.1.4) K& D AL HINKOBRDI D, EEK T I

Sout ’2 . (WO - w)Z + i(’%ﬁnt - ’769675)2

T=| (2.1.5)
Si” (wo - w)Z + l(’}/int + ’)/emt)z
ERES. 2o o BEEBRER Fig2.2. DX 5122 5.
critical coupling
@, ®,
3: 08¢ 3 0.8
o E under coupling
(0] @ regions
O 06F O g
5 \\ / E 0.6
E o4 | / € oaf
w w
5 &
= 0.2 02
0 4 L \./ L " 0 e L L
-300 -200 -100 0 100 200 300 0 1 15 2 25 3
detuning (U.J - (JJD) nf’int/’ywav

Fig.2.2. (a) Transmission spectrum of a side-coupled cavity calculated by coupled mode
theory. Critical coupling condition is assumed. (b) Minimum transmittance different

coupling conditions. [Y. Honda, “>V % kv A RiEEHIRIC X 5 7V L7 Y FR,” bachelor
thesis (Keio University, 2017)].

(@) D w=wy D ZE, DF D AN LEBEPHERGFOLIRFPHEFRCICRZ L
X, BERBIEIERANDOMEIIRED 2D 5. (a) TE Vit = Vet PDHEEZEZATED,
EEBOR/MAIZ 0 ERoTWVWD., 2D X ICHIRGFOHEE LFHEEHEILIELVWEE
critical coupling & FES.

FEEREDENT 256, BRROR/MEX (2.15) RED TS, w=w & LA
SR I B GG OFEREOR/IMEE Fig2.2.(b) IZRT. Yint > Yeat DHH, OF
b HiiRd: L B OS5 WIS, BB O € — FMRIESHIREE» SFE SN2 E—
FIRMIEE D DRELSARD, RIBEHRBN 0 ICBROLBWI AR 5. FAREIC Yine < Yeat
DEE, bR < BEBAOE— FIRIE XD & HIRIFHOE— FIRENKEZRE S
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LI D BAKEERAEENT . critical coupling & b dFEEHLTHVEMD Z ¥ % under
coupling & MECX, FEERANICIZE L & HARGFRIOHEH 2z KE<F5 2 2 iTMEd 5. K
X critical coupling & D HFEE DRV E D Z ¥ % over coupling ¥ ML, FEERDER
HEZ/ NS T 52 iIcinT 5.

22 RFYwKZAFYTI7—D)IE
221 HE

BEHDONDIEIIIIFE S 2L T 4 Y —FREREML Ik Ty IalL—v s
VEBZENAREE RS, NV AGIROMEZ R ZDICHWHLNTEFED 1 21,
BREDERDIFONE. BOTHATVy " RT v 77 =) DRI FREZSEE T
NTRHENFENZDHBEICHN SRS 9, 27V v b AT v 77—V TIEFRIICH
LN-DIF 1973 FTH D, ZHLERKH OB OEMeLERL —F —, HEME
F HFZOMECIEIL Huohd, ZOFEERAVEEHE, FJIDIKIFHMEY 2171 >~
= EROBER L IFRER A Z LT O X5 1end, REBLE XL T 5.

0A P
EZ_ULHWA (2.2.6)
82
= __52 572 (2.2.7)
= iv|AJ? (2.2.8)

D \3HE O R ORI 2 BRI MAFEEFTH Y, NIZIHPEEEF2RLTED

7 7 A N—DIERREE OB R T X7Uy%xTy77—UI&mﬁﬁ®w%t%ﬁ
FEOBEPHNIAEHAT 2D RE LA ICETEEZITS 20, ZOXSWKHEHEDS. K
W25 z+h ETHEELZIEMT 2 LGS, RDESIWCRT v P20 CEtER

4= >

179,
A7y 71 RO AZER LT h sk
JHEMRIZR VLD LTEHERIT I o, ERIF P2 =DA i3, £oT
h .
A(z+ h,T) = exp(§D)A(z, T) (2.2.9)
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L35,
AT v 72 RO AZEE
SEGHVEE B L TR 720, ERE 2 =NA k3. koT

A(z+ h,T) = exp(hN)exp(hD)A(z,T) (2.2.10)

Y.
AT7v 71, 2% EDRLITO 2 KD, BUNERE R ZME D EOETREZITY, R
BEDEIRICOWTHEITEDIAREE o TS, T2, ARKER w37 —) =22/ D JE
RERLTEBY, 7— VTR D AR LTRSS e TES. FFT D713
VALZHWSEZ 2k ERDEHAEZER TS Zednfgee kb, X7V Yy b AT v
77 =) ZIEDBED DOERESRICHARTEEFHEIHNEEHD 1 D2 Ko TV,

222 FEHFECKRE

ATV v FRF v F 7=V TIEE, ARTHIFRICE Z 2 IR & IR %
A2 T CRHERAT D, EDRdBFREENEL 5. HIBRR L IR Z A % 12
TG E IR WA TR h sk L 2ROz E TR

A(z+ h,T) = exp(hN) exp(hD)A(z,T) (2.2.11)
A(z + h,T) = exp[h(D + N)|A(z,T) (2.2.12)

Li25. ZOENRAELRD. INHDEBR—T— + F X N - AT X FILTORK

~ ~ 1 ~ 1 ~ ~
exp(a) exp(b) = exp(a + b+ 5[&, b] + E[& —b,[a,b]]+--) (2.2.13)

WWBWCa=hD BXUOb=hN 232322 TRE2. FELMEEI1Z
| R
ezﬁﬂdth]:§h[DJﬂ (2.2.14)

e, ATV VAT 7=V TIREIRT v TR L D2 ROEEER - 725 HTIET
HBIEhbhd.

A7y TMEh Z/NELFTHILWEIDEHBERELRED S Z EDAIREL 12508, 1Z0ITHET
BHEZZZDZ L THEELZED D D AJREL T2 5.

FBEEZED 2 FED 1212, WIMLENZZA T Yy AT v 77— ZERDIFOLN
%. BAX% Fig.2.3. IR”7.
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583

JEfRFL TR
Zz+h

2
1 N\

h

Fig. 2.3. Pattern diagram of split step fourier method.

BRI, W b OERERDZ T v T TRET 5.
ATy 71 FEHDAEZERE LT h/2 5K
LRI RV DO LTEHHEEITS o, R 2 =DA %5, £oT

A@4~§7§:emxgﬁpu4T) (2.2.15)
LB,
2Ty 72 FEREEOAREE R
SEHGER R U CHEEIT5 729, ERE A =NArns. kot
xﬂz+gﬂm:uthNﬁmngpﬂaT) (2.2.16)
Y5,
25y 73 BENOARRER L h/2 ER
IR ND DO LTHUFHEZITS 29
lﬂz+hJU:emﬁgﬁﬁthNﬁmmgﬁpﬂaT) (2.2.17)

v n. SRREER B, SIENROMICIEERE AR E(TS HTH 5.
EBITHERED 2 LD 1 D12, AFARENV 3 EAELD 5. RO HEE
hN (2) TR % DT <,

‘/hﬁuw/:%N@+N@+m (2.2.18)
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DEIIEREETS Ze T DBEOEWVIELE 25, HEAL LTE, PR+ 2 0
T N(z 4 h) DEDRD SR TVWRWD, FIHEZ N(2) & L TRIEEZHW 24
BRDHBHLVIRTHS. REFEICEIVAERIIEZI 2300, MEOFGWVEITR L L2
TeORATy TR h ZREL DI ENTE, FHRMICHERMZENS 2 2 A0 ke
2%,
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FFEBE RV TEMNKIRZE T I M/
Heas

31 FTEETI

5 2 FRFEEIC TR L 72 £ 5108, MUNERIREICH LT Er 21552 &, 20h0Ff%
BB UTE . rffNAETH 25 CNT Z2EBHid 2 L ZEE—Fay 72033
CEDHREE LD, IS DR ER o TN EHRIR NEL DI DIR 2 FED I

1r- 0 A1) = (i 22 i A TR A T) g (1)~ (L, + (1 T)JA.T)
(3.1.1)
YRENDB. TIZT g (T) BRI Y72 D ORI, Ip, BHIREHEK, ar.(t,T) 1%
AIEIFIIRINIC X 218 TH 5.
AMFEOHMWIE SR ET L EH WS ML 8IfEORERTH 5. F)HICH—HIRER
ETUZBWT, HIRSEMREIC X 2EDIR2 F DO EIZOWTHEL .

32 YZal—Ia iR

BRI IS 5§ 2 AR E 0 &, Al oRZ 28, E—Favy 7
B R B250%5 8T, ¥I21—rayidXB1.1) X7V b RT v 77—V ik
WKEoTW, I alb—y a VIZHWfE% Table.3.1. IZ/RT.
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Table. 3.1. Parameters used in the simulation for one cavity NLSE

Parameter Value
Intrinsic @ 1x 108
Cavity length L 6007 pm
Modulation depth ag 1074 ~1072
Gain gg 1074 ~10"!
Refractive index ng 1.44
Nonlinear refractive index no 2.2 x 10720 m? /W
Effective nonlinear mode area Acg 21.28 pm?
Dispersion 35 -12.24 ps?/km
Saturation energy lga¢ 15 MW /cm?
Center wavelength \g 1550 nm
Round-Trip Time 7. 9.05 fs
Execution time T'ipq 452 x 107°s

321 Q=10 Diga

FIDIZHIRERD Q = 10° DHEITOWTIHEN 21T o7z, Z DHEREIIARIAZDONRTH
5>V taA PRI CEMATREE SN BIETH 5. MHHERZ Fig.3.1. IT/R7.
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Fig.3.1. Colormap showing the ratio of the peak power to the average power. Q is 108.

AT =<y TOMENIFEEE CH 2 Er 2%/ L, MENITfafMmkiisTcdh 2 CNT
BERT. vy THOBERY -7 Y - EgRT—Dlbr k->TED, tokE
Wik 5 EAEDEBRTIEE— Fa vy 708302 ) L 2{bXhTwd. L THBDMHER
TR =R = EPRT =BFEFCTH D, @t RoTWS. ZOHEE—TF
0y 72T 37DIHERFGREZ, go=2x10"3 b ol

322 Q=5x10°DFE

AR 2 AT BRI AR 23 5 S e WG, Q fEAS 108 L 72 2/ b v 4 REARERD
TEBDSATREE 72 5. L LASEZ NG L5 E%, AIfaMiATH 5 CNT % (&
XEGE, HIRGBHREIZENLLTLES. ONT BfiziTo7 bu 4 FERIED Q fEHIX
BLE5x10° Db DOPMERHINTVWE 72D, ZOWREDHHICTOVWTHERD 3.2.1 &
[FIRRIC M 21T o 72, fRMTHE R 2 Fig.3.2. [T/RF.
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Fig.3.2. Colormap showing the ratio of the peak power to the average power. @ is 5 x 106.

JeiRd 3.2.1 L EARHIRIOMREDMER F L2728, T— Fa v 7 D0k 3 HEBIcE{bs
ELErbhrd. ZOHE, T—Fay ZIBEL R 25EHMEE, ag = 1073 DRFIC
Go =102 TH B hbh oz, BHED Er ImINM/N a4 FHEREBOERTIETI,
HARAFT A XH 300 pm DHE, go = 10 3 BEZTTULAHE5TER WD, CNT Effi
EITOGAHIRRERESTELE—Fry 72032 ZeAHL V. ZORHDREICBEWL
T Er VIR AF B X O CNT Bffiz i L7z RS 2 5l 2 1201, 25 DMEET ML
DWTEEEITV, TSR Z2(TS.
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41 FHRETIL

% 3HTIE Er ZABEE Y ULTHY, CNT %A fZRIINE Y U THWOWMNEHR

ORI OWTHEN L. 25 4 B CLRANSHE 2 N5 % HiRds & Al SRR R 2 (B8 L
CHIRARZ A L ICTT, THhOORIRBERMESELRITOVWTEREL, FLMhiziTo
7. Figd 1l CHEHIRFORZRT.

Fig.4.1. Coupling model of two resonators. Cavity A is Er-doped and Cavity B is modified CNT.

HiREr A

Hikz= B
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HiRS A BAFHHETH 2 Er 5 TE D, HiRE B I/ fgfRkiusTtd 3
CNT ZB#iL T3, FHIRBOMBAESVIIHEEHRE r ICXoTk® LN S, KR
MNDHDIRZFENIIERIE S 2 LT 4 VA —FARERICL - TRIT e A TE L. RS
A DR 2 FENIZ,

0 0? .
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TRIN, LIRS B NOXORETIZ

0 B0 5 K K
TTa—TB(t, T) - (_Zng—i_ZL’ﬂB(t, T)| )B<ta T)_[ZTT + OéT?“<ta T)]B<t7 T)+Z§A(t7 T)_iB(ta T)
(1.1.2)
WKLo TRIT LD TEL., TNTOMEHE g, (T), AIEEMBIUE ar,.(t,T) DFIR
DAEEER LN ->TED, FLADORKIEIIEEICI2EENLINTVWS.

NEDREZATV Y FRATF v FI7— ) ZJEIC Lo TRE, HORBENEFAR. HHL

72282 X — & % Table.4.1. IZ/RT.

Table. 4.1. Parameters used in the simulation for Coupled resonator model

Parameter Value of A Value of B
Intrinsic Q 1 x 108 5 x 109
External @) 106~108 106~108
Cavity length L 6007 pm 6007 pm
Modulation depth ag 0 1074~ 102
Gain gp, 1074 ~10"1 0
Refractive index ng 1.44 1.44
Nonlinear refractive index nq 22x 1072 m?/W | 2.2 x 10720 m?/W
Effective nonlinear mode area A.g 21.28 pm? 21.28 pm?
Dispersion [ -12.24 ps?/km -12.24 ps?/km
Saturation energy I 15 MW /cm? 15 MW /cm?
Center wavelength A 1550 nm 1550 nm
Round-Trip Time 7', 4.63 ps 9.05 fs
Delta Time §t 9.05 fs 9.05 fs
Execution time Tf;na 452 x 1075 s 452 x 107 % s

HIRBEIZIEE58H 300 ym £ LTEZTED, Er 215 L3RS Q f#HiX 108,
CNT &8 L 72 HRA D Q HIZ 5 x 106 ¥ LTW3. Zh s DIEIFFEREDFEETEMRAHE
REMEE Wz, 2 2hoHIRBFICH G, BHiT22%2%58 3 HOGA L HBICELX
B, MATHEEEVICE > THRABOA YD X S IBLT 2D ICOWTHERIT- 7-.
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421 Q.=10° DFE

E9, Q.= 10° DHAORE Figd.2 ITRT. FH#e LT 3HTRLE, #
—HIREC Q A 5 x 10° DIFEORER%E Figd3 £ LTHIET 3.
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Modulation depth @,

Fig.4.2. Colormap showing the ratio of the peak power to the average power. Qcoupling i8 106,
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Fig.4.3. Same as Fig(3.2.). Colormap showing the ratio of the peak power to the
average power. Q is 5 x 106.

AR IENNID 2 D DOMEEHIRI/ET NV ORER L B—HIRIFE T ILOFEENIEFIC
LlE->TVW2 Z bbb, ZHEHREBEOEEIIEFITHENGEEZHEL TWS
B, HIRER A 225 BACKET DK A DAL, FEHIRAR 2RO IERED B DHEREIC
KRELMIFELTLE o0 EZONS. ZOHEE— Ry ZIXHE L 122 RIEFSE
BA 77—y TORENS go =1072 b, B—HRBEF L LIZEEDL RV D
T o 7.

422 Q.=10° DiBE

Rz, HIREBE DS E 2159072 Q. = 102 DFE DR % Figd.d. 1IR3, £20
7 —= v THNORIZBT 2 BFHIRBADNOHET % Figd.5. ITRT.

30



107!

1672

Gain g,

16>

10

10 1073 10

Modulation depth a,

Fig.4.4. Colormap showing the ratio of the peak power to the average power. Qcoupling is 108.
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Fig.4.5. Graphs showing the light state of resonator A(blue) and B(red). Qcoupling
is 103, (a)(b) showing the wavelength in witch power exists. (c)(d) showing where
the power of light exists in each cavity. (e)(f)showing the information of light phase in
each cavity. (g)showing the changes of ratio of the peak power to the average power in
resonator A with the roundtriptime.

HiReE A N5 T 2 MEHE O BN —EU LOEBICBWT, 77—~ v 7L
BoTWbZedbhrd. Figdb.(c)(d) 242 e HRBNICB W T L Z{ELL TV
BT DR TE 5. F72 Fig.d.5.(e)(f) ONMEERD 7 v X oo TED, HiRS
WDFHD T —=HZE L THWRNWI A Figd.b.(g) X hbhr s, FfEr AN THIRIEM

DIEED 2 M E o722 21Tk D, HIRER A 5 H5HIREE B ANDHKOD A DIABIIIZFEAE
BT, TR KD ROATERITINEDS R L, DO SV D RE L Lo 2EZ 5N 5.

423 mERBEEME

HIRBSEOEEDRDITRVES, RERD Q EMEL D E—Fry ZITRELX RS
FEREED, FEEPRYCHVIGAREROIHEARINENTNET 2 Z e B Dh o 7.
D/ DMEEMEEZEZE, BREXRIMROWHETOE—Fay V7 DHETE 5 X 5 i

MRE, Q. LI BTHRLE. TR Q. =5 x 107 KBWTH—HRIEEEFIL
DEEIHRTRERWARTOE— Fuy ZHED R I L. MR%E Figd.6. IIR7.
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Fig.4.6. Colormap showing the ratio of the peak power to the average power. Qcoupling
is 5 x 107.

ZOBEE— R By 7 IRHBERRAKFIFHIZTARE ap = 1074 DFEI go =6 x 1073
Thdebhrolk. $IDHE VRO E 2T HEEIE AtAv = 0403 TH 5.

424 SOEVERZFEDIRDEL

HBRDD Fig.4.6. DFERZER 2L, BT —~<v FICFKREINHAD X SIEM, OF
D A EIFIRIAR DB DS & DIRVEREICOWT, E— Ry 700k 28R X 5124
BoTVWBAREENEZ HNE. ZODM/IEHRE BICEBMfiT2CNTORR2X 5
W21, 2HI NI REE I OWTORT RN, ZOMRE Figd.7. IR, hho—
< v THDEIC BT 3 FHIRIBHN OO T% Fig.d.8. IHil) TRT.
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Fig.4.7. Result when ag = 1076~10"%. Qoupling is 5 x 107.
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Fig.4.8. Graphs showing the light state of resonator A(blue) and B(red). Qcoupling
is 5 x 107. (a)(b) showing the wavelength in witch power exist. (c)(d) showing where
the power of light exists in each cavity. (e)(f)showing the information of light phase in
each cavity. (g)showing the changes of ratio of the peak power to the average power in
resonator A with the roundtriptime.
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%, Figd8 EDE—Fa v ZhhhoTWVWBIEBTholz. TDNRTRX—RITBWT
FEREEFANRZE 25, AtAv =0.422 TH o 7-. Fig.d.6. DEFHREREDR MK E Wi
Bl ZRDBXIETEL 20D, ID/NIVWFEHERETE— Ry 7h8»iToh
5 ebhol.

425 Hikdz B ICFISEEZHE LIEOIRSEL

4.2.4 F TR A QIFISBEE, RS B IR fEMRIAD A% S, BifiL 72
ETNDRNEITo 72, ZINIAERIRIUATH 2 CN T ZEMi§ 2 BRSO ERED
B BRoTLES ZePHHTHS. ZOBREBRIHEA, FIFHE & A @A D T /5
PET AWMINEHIREBOSHE, CNTEBHiOAZIT- MR FACEEOSEEZHETS
Zebhrol. TOMRPOHEETAREEL, HiIRE BIcd A L RIFOEOHE
BEENGLEREHIICERL, fHBICX 22T/, FET3E7 1% Fig4.9.
WRT.

HiRE A

Hikzs B

Fig.4.9. New coupling model of two resonators. Cavity A is Er-doped and Cavity B is
both Er-doped and modified CNT.

35



MRS BICHEHEZNG L2z ickh, EGE 2L 74 U —REREXD X5
122 5.
0

Tro=B(t.T) =

B O

T

HIA B TR B T)+gre (T)~(ry + ar, (4, T)) B T)+is AL T) - S B(T)
(4.2.3)

424 FTLFAUL L5 CHEMNBZRARCZELSENDOIRE TN ZFTNT. ZORERATD

ETNDGE N ZMDHETHD - 72, HIRBE O EREDL Q. = 108 DHBEICE—F

0y ZEBRSHR SN, FR%E Figd.10. 1ORT. b o—~<y THOEICBIT 5%

HIRBAN DN DT % Fig.4.11. 12K TR

Ppeak/Paverage
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Fig.4.10. Colormap showing the ratio of the peak power to the average power. Cavity
B is both Er-doped and modified CNT. Qcoupting is 5 x 107.
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Fig.4.11. Graphs showing the light state of resonator A(blue) and B(red). Qcoupling
is 108, Cavity B is both Er-doped and modified CNT. (a)(b) showing the wavelength
in witch power exist. (c)(d) showing where the power of light exists in each cavity.
(e)(f)showing the information of light phase in each cavity. (g)showing the changes of
ratio of the peak power to the average power in resonator A with the roundtriptime.
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