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Refractive index

Figure 2-1 Refractive index profile and trajectory of ray of several types of optical fiber. (a)SM fiber,
(b) Sl fiber (c) Gl fiber.

Figure 2-2 Photograph of POF.
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Waveguide

Refractive Index

Figure 2-3 Schematic representation of the shape of refractive index distribution and trajectory of

ray in negative type Gl waveguide.
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Connection interface
GI-POF N-GI-POF
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Figure 2-4 Schematic representation of ray tracing at the GI-POF and N-GI-POF connection.
(@)Connection at Ly/2. (b)Connection at Ly/4. () Connection at 5L,/16. (d) Connection at 5L,/16

and refractive index difference of N-GI-POF is larger than GI-POF.
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R A S O A

Terminal

Figure 2-5 Schematic representation of bus in network.
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Evanescent light |

Induced emission

)
UV lamp

Figure 2-6 Model of optical amplifier with N-GI-POF.

\ \ \ Amphﬁe

Main bus
Sub bus

Figure 2-7 Schematic representation of the network with N-GI-POF.

258
KB TlE POF W THENMEE SN A A & N-GI-POF O ST AL OB 2 3B L7-.
72 N-GI-POF @ Hi& & BH o e 2k~ 7.



EWIE NARBPNEIC X A IEFIREHE
31¥EE

JEITERIIAT DR D HARERHE 2 TR 2 FIEITO L S0@iE STV 5[16-18]728, £ D F
TIXABITESARNITEA T 5 2 LB TE RV AT W CRIBITR A S BB L
TREMIR A G L72BI[8]3 b 2 7%, NMEDOFEIZH T HiRENRE holo. EI-AEITRS
MIGER BT FEFI D72 <, MRS TORFN TE TRV, £ 2 TARETII LV KEER
FHRE VL DM WGAC B U TR A 3l 3 5 7k 2 R T

3.2 JeRBENE
321NV« 7 v ZEEIC X BB BEROMBHTERG

JET R AR ONAIE 2RO D FE L LT, A - 7 X5 LIRS B SY %
HWTEBFRIFERS Y, T2 AW TEHEN T 1 7T A& TE 519, 20]. L FIZEDT
HEIZONWTIHER 5,

T EML T 5 728 Maxwell D FFERIZHE D 23, ABFFEO L ST E LTIV 5 HEI
1T, Jeix Maxwell DXZZER L THELN LR (3-1)IR SNSRI .

d dR
= bl I 3-1
e (n(R) e ) grad n(R) ( )
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s ; SERRDEE # S DMFEOE S

T, WICARTEIRBLWEERtEED S.

1 ds
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d?R 1 2
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=771
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PR m = n,sinf; = n,sinb,

Figure 3-1 Snell’s law of vector representation.
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LR HBREEZRDD Z LN TEH[21]. L NICEDFEERT.
HBEWITROXTERINS. 2720, nidEdrE, dsid/dx? +dy2+dz2Th 5.

VV=Jn® (3-14)
2T, R(3-14)DERIEWAEITH &

W= andt (3-15)
EEIWMZOND. ZDOZEDND, W, SPy BP T TONBRDO KR, W & mPy D

P [T TONMDINEREEZT D &,
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t 0

m
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At
Cones = f n2(B)di (3-17)
0

T TIRD LI EREERTD.

N, = n%(t,) = n?(R,,) (3-18)

Sy = 2D(R,,) - Ty (3-19)

Con 1t DFEZNEIAA T — -~ =V O ARELERTHZ L THLNIEABERARE A
WHBERPICHAETE S, ZOAREAND LR(317)TkD LY IcEZz b 5.

1 At?
Cns1 = EAtm(Nm + Nm+1) - E (Sm+1— Sm) (3-20)

WD "R OBEER EDORICENTHFHE LW ERET D &, EUBEWIIROAXTEREND.

M-1
At? 1
WM=MQ+At§:Nm—iE{&r—%)+EAKNM—N@ (3-21)

m=0

ZOXDIT, BNV T - 7y ZIEEINWD 2L TRYIO M & RO FRIZT TREIDE
BEZRODZLENTED.

3247 —R + ~UY 2V NOFE

AT T D BURITRD ARG 1L, REROIT G & Be 0 R 240 R L TN D O
T, RIS OTNEATRP O EDRBRISND S — A« ~v v 7 FEBEL
LTI BIRN., T—R e~ vz v 7 b IR 2 BRI S & SO T E A3 HE
BT 5HETHAH[22] (Figure3-2 2M). v 7 M EIFEFFICEL 2 LERNY MUBSASHEHICTE
[ERZS” SEdtel

U12M1,5in0; cos? B, M

2 2 20 _ 2
Hip €0s% 01 +sin®6; —nj, |\ [sin2 6, —n?,

1
== (3-22)

L%, 22T, AFUOBADEITER, BHRITENEn, uTH Y, AFITHET L BHE
QEjﬁ%—?‘y ﬁﬁﬁ?%ﬂi%ﬂ%ﬂnz, HZ"G‘%é if:ﬂlzzﬂz/‘ul, n12=n2/n1¢6§)6. é%L:

A1 = Aacuum /M TH Y Avacuumr‘iﬁi\gqj@?&’%/@&) 2.
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|- 1 K sinf, cos? 6, M
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a
sinf; = 7 (3-24)

Thb. HIEABIZBWTHNAHATHL2ND, JEEEE AB & CBIXELY. Lo TH—RX « ~
Va7 MEBOF MBI Zne T,

nia = Negl (3-25)

Neq = %nl = n,sinf, (3-26)
LEZDHZENTED., YLKV I —R e~z 7 MEBO K EWLIT,
Wgn = Inysinf, (3-27)

THD.

ZIT, iR S H5E, R(3-25)DLEDIZENNH D EBEZLNDD, HimDXRIK
INEILTH D Z L, FTRARITRSAMA TIHELTICB W TORITROEBNITEAER N &
LR TELLEZOND.
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(i1)

(i)

Figure 3-2 Goos-Hanchen shift representation.

325 BITRDMOER LTl
F— RN E R D EITERDATIIR A V) AT INMIE LARET S &

() = s = mosech(an) = ng |1 - 04 TE S0 (328)
THZLND I ERMESINTVDH[S, 24]. AWFFE Tl 2 THE T

n(x) = ng [1 - (“;‘)2] (3-29)
L, 3EE TORMY

n@)=nob—£%?i+5%jy] (3-30)

ERWTE— NMy#adHE L.

H(3-29) & Y(3-30 ) TILIEIT RS DOILIRITIE E A EEDHRVDO TEBEOERTI3IHE T
T2 0N TH 5. (o T, 3TEIIL E TOFHBIIEED IR AT ) 2D T, 722
T OEE b REIMBIERIRICH B BN KR E S EBE 52 5O CHEMRIIZE L B2 50
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ENDD.

PITFIZR( 3-28 YD H 2R 5 [25]. 4, NiidErz SR (r,¢,2) TEL, SRR RE Y
FRTDHIEEEZD. BITESMEMAHREREL, dn/dp =0, dn/dz=0&T 5 Lr, ¢, ziK
SEENEN

) () 2
(@) (@) ralre) = (332)

TERIND., A(33B)&2MrTHL

ds = [n(r)]

3-34
— (3-34)

PELND. 2L, nMIBEITRDAM, ndIAFAEIZB T D BITE, Nyl XA T 10 R54
Tho. A(3-34)LA(3-32) L Wn&ilET DL

dr d¢ d( dqb):O

—. = - 3-35

ds dz "ds\ dz (3-35)
#1555, A(33B)e LT D &

d d¢

—[+2 1) = -

ds(r dz) 0 (3-36)
L7250 T, WIHMEE W T

dp 1

r? az N_o (xoMo — ¥oLo) (3-37)

DFOLND. 22T, 7 7 A 73— OALEPy = xoi + yojil, N7 RSy = Loi + Myj + NokC
KRB ARTHE LTS, AY(3-34)2 L A(3-31)ZzlcBT 5800 & L, K(3-35)%HTH
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(3-31)=HmT 2L,

T

(3-38)

1
2

(
| Nydr
.}Ir [{n(r)} { (1;_0)2} (xoMo — YoLo) — N§

0

5.
B, AV FTANBEBZ D, ZOGEE, —MMEEZRIZERLICYy, =My=0, xo =y, &
EZTRVMD, K (3-38)1F

{-T‘
| Nydr
| — 1 (3-39)
] [{ (r)} 2]2
LR LI D.
JEHTERSATO—Fl L LT, EFnr)i VWi b R
n?(x) = ng{1 - (ax)?} (3-40)
ThohEtEEZD. A(3-40) % (339 )NTMA LS ZITD &,
r = Csin (f-llsoz + qb)
(3-41)
€= (- N - )}
DEOLND. 12720, ¢lXEHTHS.
H(341)iF z#ZR > TRl T2 a R L TR Y, ZoEMAIZ
(arp)?y2 (3-42)

THEZBND. Thbb, APAIARSEM ry, NoDOBEERE LTEALNDL Z LB ghole. E—
ROYEAE v 172 2 BRI R BT R oM CHNXZ O AN AIMIEIZ L LT —EL WS Z LI
%, LR, FEEN ELRDEMEL LT, TOSMMEEHT 5.

17



HEDT=DIZ, UTFTOE#R CTIILy =0, Ny=1, T72bbz=0TYHIL z S FATICAR TS &
WETDH. ZZ Tz EA2EET DIMRR &l LR BT YRR, Z B 2 5. JHRRAD z F5A)
OB EEE v, L, EEORTHEN 28t e Ma%20L LT

To
T [1c2 2,8 zdr
4[°cotodr ) VKN (r) -8B

Uav - To - To
4 f dt dr kn2(r)
0

ar A ¢y k?n?(r) — B?

(3-43)
dr

THZBND. FFELIZT, cddtl, Bidz F~DOMAHER TH 5. 1> Tk2n2(r) — 21
rHRSONFIEE THD. —F, RyDF¥HEILc/ng (ng =n(0)) THDHH 5, z FIOMHHE
ok s

Vay = — (3-44)

& 72 BIRPTHRAT R DIUT L.
Z 2 Cr = 1y Gl Azl EATIC A B 00 B

B = kn(ry) (3-45)
ThoHrZ EIZEELT
I=f0 kznz(r)—,BZdr:kf0 n?(r) — n?(ry) dr (3-46)
0 0

LECE, A (343), A (3-46)LV

_ a1/aB
Vav = 7€ 58 0k

(3-47)

LERIND.
H(3-44), A (3-47)%Y
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o 2L g 348
ok "™ 8 = (3-48)

DELND. ZOMRIT—RIZRKDIFIZRIND.
I = func(kny — B) (3-49)

— 77, R 3-46 AN DOHRES R A n(r) — n(r)) DO RS EBUTEBE LS T 5 L, 1%

oo

=k ) Gulng = nGI™ = . Gkt (kg — )™ (3:50)
m=0

m=0

LELZENTED., A(350)0HK(3-49) & —HT BT, AN De,, NETEHETHDHLE
N D78, FEREITESAIL

| * D = mydr = cyfny - ()} (3-51)
0

2 e LR TR Ze 57200,
n2(r)E_EMERBETHRL, K(351)E2ME T2 L0 B KEEDD L

n?(r) = nj {1 —(ar)? + g (ar)* + } = n3 sech?(ar) (3-52)

2135, R(3B2)NAY VAT KM EZ A DM, DEE LA DBMEIFEIMTHD,

3.3 FHRE DRESRM

Tar g I U FEITRE
ARWFFEIZ I 1T 5 FHE T4 C CPU % AMD £1: Opteron™ Processor 6272 (16 core, 2.1 GHz) % 4 4

FLIRIANT PC -, a8 A LICIX GCC 2234 7 466 Z W, 70 /53 5k
X CH+ 2 L7z, JERRiBio "I kix OpenGL 2 FIIH L7z

2EETATTY
A CILEREE Ce B AT O WENH - - 72— O 512 GNU Multi-Precision (GMP) &

A7 Z V2612 =. GMP 74 77V ZHWCHEEZITHOBIIHEEL 6041 L7=. GMP 71
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77 VTR ERICS AR R ZTRAD 2L THON TN .

ANBURX VA RE

AR TITE T ANV EICIES W2 T 0 7T BEER LD, T 2 CORBERICIE. & -
BERILBEWVEY, SRTIlZBES M, By MBI U ARI)BELND Z ETHLND AV
X VA A X (MT19937) 1£[28] %V -,

CUP =7 # i 5k L 7= FHH

AMFFETAT o T AR BRI R I TR BB O EAER 2 25TV, SO+ RBEL/RL T
DICEEETA T TV ERANTWDIZD, —DOERKEOE— Royiz R 5 DI 1~2 B [FRE
T35 O#i%E 64, AMD £t Opteron™ Processor 6272 (2.1 GHz) % AW Tl FIb 2479 123 E
L7258). AFETIIR D ZL ORMO T THALED ZNERH HDT, HED CPU 27 %
WHILCRHREZEDOND LY TR T LT a—=T LTz,

EMEREZR GPU PEE D 27 % & D CPU 23— RIIIZ 72 - 72 BifE, WHNEFIEZIEFITHN TH
D[29], BHFEIESEICHEW T HEREOWSNRITSEIATOI TV A[30]. WHHEIZITWN S 25D
TEPEAET 273, AHFFETIE OpenMP Z I+ 2 HIEMWE., ZOHETIIHRERDHL—T
EREL, WIHLESCA S Y a—1 v 7% LTHEITT L0, WILORiE CRIERTLITY XA
DEFZSFEL LRI ENE., Fla /A )LD F 7L g —>T OpenMP Off D 4
FIWARETH D LT BT T AEMIeZ ENAREL 725, AFFRETIE, FEARFHEIHOIF L
WEERTELIALY RZEIZFETTHEIICTFa—=27 Lz, 2oL RIFHIZA L v RAE
RS 27 END B TOFE a2 b E <, EFITRBE < FATRHE A A Ly FEfFE< £ T
s SN 25 0%,

FEERTIZ T v 7T I T ERRIC CHAE LB, Wby — 7 O Je8H1Z #pragma omp parallel
for’® L HITHRE L THWE, ERROF2—=v %179 2 & CRHERM AT 5 2 &N TX 7.
AV a— U T ERBELRVGAITIA L Y FMRIZZTRONL—T OFZBHIOICRD 5N DD,
ZOBAEFTWINULT D OFFFEEMFIEE LV E ZRICENTH Y, AL CIIIIINEIC X
DEHEENER D OT dynamic &V ATV a— Y U TERAE G 2T T s A X (—E
WZEV S THEZ708) 131 L L FEA—THTOT 7 A N~DEZALD L H B D
ALy RBRRFERHZT 78 23 5RO H 555037 M v 70 Z i L, JGOfLE~ 7 hL
RFMRT7 b, ELKEO LS BRA Ly MEIEZFFOULERH 2EBUTE L TIE,
SOOI ETSEL, ez, ZoMICBE LT, OpenMP THR— hEN TS HiESFE
TONEREENRE T AT T Y LRRFER LR, =7 —0RRE R0, ZOHERKS
LAl LA L7z,

34 ERRHEHREE

AEITIE 323 Hi TR AR B EICE SO TREFIRZ HE T2 FEE R 5. FFERKO®
Bz 10mm, K34 100m EUE L. FHRT 208 OE— FIE 128, D F 0 B MR O 488
WX L CEMBT 128 AA LV, ZOEEEZZNENONLAROYHNE & L THEEOFHEAEZT
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ofc. TITHIHMENR S X O ESMNEADALETIL D £ FHETE 2 2) 0 mm 225 0.4999 mm %
129 %43 L, 0 DI H DR FIHIME & LT 128 & H O LR OPIHIED 0.4999 mm & 72 5 L 5 1Tk
TE LT FEATIREBIC L D & B — REN 50 THARERIKAZHE TEZ 2 2 &R0 hoTNDHDTE
— N 128 13+ CTh D, ETFFHTW 0 BN WIRY BT RORKREEZ 150 & L, a7 OH.LEJE
WOJEITHEEE 0.15, JLOPRIE 650 nm & RE L7-.

Figure 3-3 1L 34 O 3 THE THER LIEBITES M2 AT 25K LT, KEENLD
RO DOZE L SHOREZ R L TN D, TR OFIHINE O F.020 5 OB 2n 2R L
HbOTHD. HEEICKT 2RI FTOXTROHNS.

(3-53)

w
t:_
c

T TWITHEE, cddBEZ=dRoRETHD. ThEANTEE— REORMOEZRD -
Figure 3-3 |J3HR S 72 128 MOKFRIE L ZDHEL 7 n Yy LK TH D, T T bIRERIK
RO DO EE T — Y AT O . OO RHICERER 7 e v b e L
e b, 22 CT—EORHMBREICEENLI T2y NOBEL ST 52 & TV RICHT
DINEHRRBLLT., I LZOEEFOT =2 TIED £ EHLENT MO LWE D E7RY
Bz RBELENR2VWOT, fzlEsme L& 7y NEICEREZS &, TORIED LD
(ZZE IR T 1000 MO BN 72 Ra & o 71, LD A T o=, o7V 7 THIRIE, FF
MZED R K% 512 55y 3 5 2 & THRE L7-. Figure 3-4 (2 LR OERE D 7T 7 2o

Figure 3-4 IZ "1 5415 ©— 7 1, Figure 3-3 @ 0.09 ps T DHEZI ATZERSy T D Z & Nyins.
F 72 Figure 3-4 IZHED W TR 7 — U 48 Ha U 7= 45 5 & Figure 3-5 ORHRIZ R, JEIEICx LT
BE LN OEEL TWS ZERN 005, 22 CIREBIOP.LMHTEZ@s & o icHifizs< (K
DEM) . £ L TZOBT T =331 5-3 dB OGHTO A 2 Rkl & S 2 &
{29 %. Figure 3-5 DFAITHKI ST THZ TH D Z N5 . AP TR LI REFIRITETI D
FFIETRDT-.
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Figure 3-3 Plot of difference of time and intensity of light (convex distribution).
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Figure 3-4 Difference of time and intensity of light (convex distribution).
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Figure 3-5 Relationship between frequency and difference of components.

3.5 EEFIRE BT I1T 5 At

351 REERDKE

JEPT R ATBER I T 2 HMEENE, SHRENZ IEFICHHOHNL Y Ial—rvay
Thd. TZTAY 7y ZEORAFA L D HBOFMEZIT > T2, GIR ORS00 12 B
L CHE DAt DA (At =0.005, 0.002, 0.0005) TH:B&E & iR DO BIFR A F1H5H L 7= $ O % Figure 3-6
WRT. REVADEIC L BT RTORITER > TR, MWARJEITEOA OB RKIZ BV TALT
FEAEREAGRINZ Lo To. WIZABITROMICE L CTRERICAtZ L S ER1 5
WHEEFE LIz & 2 A, Figure 3-7 1R T X 9 ICHEHEEE & EMEICE L CRER T EMEo 2y
FER L e o e, WA OBZAITAUC X O PIRIERBERER DG S NIZD TR A b PORENE
CTWDAEEMENRB Z bz, T2 CTHEETAREROIE, AL T 73R E L RED 7 1
v FTHY, VAT DINED X O REFERIZRIRN D 2R L TWDH DO TidZew (Figure 3-3 &
FEROIERDK) . ZORRDFTN, FBEZMENDDDNEG THDH DM TETITR L.
FEARICERET LT L 2 A, ABITROMBLONEINC I T H3IH AT v 7T, Strnar -
77y RREAEZIZEBICL AT vy 7D REY 2O M TRENIK L TOLEEZIT-> TW=R, Zh
(2 XV Figure 3-8 (2R T X D IZHEBED KEHNZ R TAtOEIZIG U THENT KL ED ZEN A T,
R Z2# 0 R 2 & T OMUNRIRENEEL, RERNBEOREIZERsT-LEZ LN,
ZITHET NI RLEZLUTFTOLIITEE LT,

L P ERHE AR5 1 AT vy T RS

. FZETONKELRIHETD

L AtENELTD

. FHOERRANER K WL 25 1 2T v TR KL AT 5

Bw NN =

TOLENEL LTEBOAtZA =5.0x1077L L7z, UEOTAITY ZAE LTZEEOYGRE &
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W=D R Z Figure 3-9 /R, E-HEO OIS DS T 7 b EbEORT. KXV, ih
FridoERE & 22 0 (IMWRIBARD 7T T RIS BT K O B L 2 ) — BN G .

PLEX O RS RIZBWTRRENE LS W EDRRIN, ZOMETAtZ/NE L 70D &5 IZiH
THZ L THEAEE/NSLT DI ENTE . Figure 3-9 IR ENTE=DAM DB % B 5 L AJRIT Ry
FiCITREDE <, B OMEE I SEEAS (150000 mm £131T),, MR ITR MR TE— R
D/ SIVADIRB ) B/NS W ERTRHRIND.

35
30 | ® 00060,
25 F
Eﬂ 20 F
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149999.94 149999.96 149999.98 150000 150000.02
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Figure 3-6 Optical path length and intensity with different At in convex Gl waveguide.
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Figure 3-7 Optical path length and Intensity with different At in negative type Gl waveguide.
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Ray Simulated reflection
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Figure 3-8 Reflection of real phenomenon and ray trace.
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Figure 3-9 Optical path length of each mode and intensity in negative type Gl waveguide (At =
0.0005, At' = 5.0 X 1077, Ngaqding = 1.000).

3.5.2 R GERE LS O KT D ALK

At =50x 1077 L EEL, AtZEZSE TN Z & TRARMIELS DO AR FEAT 21T -
7o, ZOFRITTIEDON Y B < T 572D HMUI ML Exy 2 0.20 mm & 0.40 mm D 2 iDL Lz,
WL Exy = 0.2 mm O L X DONKEE (2F— FF—FBRKEXWVHKEE & OF) OAL{k1F% Figure
3-101Z, x = 0.4 mm DOEFD NI ZEDALKTF % Figure 3-1112779. EH 5 LR CHIAN H 0, At
INSWVEEEIV NS R BRI NS RSN Z En3gnole. ERIZITEMREER S S
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ZENDZOEMREMITL THENCRE LT 0 DD ANERICAtZ /NS Lot HOfE L 725
ZENTREINS.

ZIT, FREOAIC K DRREN BRI RICAL TENS BWEEEL G510 EBE X 5.
Figure 3-10 & Figure 3-11 #[Rl U7 7 7 ZHd 7= & D Z#kd T Figure 3-12 (2R 3. 2D X H IZRPT
HINCBIL ALK LT D 2R D AT EH TE L& TH L Z Ly odz. LLEX Y &
FILZ F2 7 BRI 2 1R 6D 2 K CTd HALIE 0.005 FREE I/ N & EUE 0 THH Z LR hoT-.
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Figure 3-10 Difference of optical path length in each At (xo = 0.2 mm)
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Figure 3-11 Difference of optical path length in each At (xq = 0.4 mm)
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Figure 3-12 Difference of optical path length in each At (xy, = 0.2 mm, 0.4 mm).

3.5.3 I AL D AR TFME DO 3T

AIET & 0 SO SRR LA OB CI, AR E S HBRRICEREB LA E X W2 Engnoic. Ik
B ORI T DAL (At D52 2 88 2 i~z RS E LIS Tldae = 0.005 & EE L, 35.1
i & RO T VT Y XL TH B EE KEGHTFICB TS L.

Figure 3-13 (Z#IHINIExy = 0.2 mm, 0.4 mm |[Z8B1F 275 & AL OBt & R, (KX 0 Je & Bie
DE— REORKEEL LR THEETEIRWVIEERIWVEENELDLZ EN otz A%
50X 1077REI/NSK T E THRERSEIHEEITAD ZENah o,

o 00 ] 0 0 -

X -05
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Figure 3-13 Difference of optical path length in each At’ (xo = 0.2 mm, 0.4 mm).
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3.5.4 HYI R At DR E

ATERC L2 & RO RO TAL A2 5.0 X 107 EIT/NS S EDMERH D Z LR phoTo. L
LALIZHK L CAL ZFEF TN EL LD E AN ORVEBED 1L AT v 72 HE LB T RHIIER I
RO 2N 0 SR O RN ZE D 2, £ HFE AL v FEOFERROIES >x H k&
KRBT OITHHFEMNCHAETE D LIEE A0 GHERMITR BBEVWA Ly RICEEEIND). £
TTCTNIY XLEUTFOLHICEE L.

1. At =0.005% L CEt#Hd 5

2. REEENHZENTEL1IHEAT v TRS

3. TOREOKMOAE & F A E, RS R EBTEONRALE O EREAE KD 2

4. ROVEHENDKROFERT » 7 TH X 9 ERFRICHERBBENTH L9 ICAtZEET D
(ZEHEHDOAEFT-ITAL & EFRT D)

5. JMrEBE S W HHLER AT 9

6. At =0.005(ZFE 3

PLEOT7 NI ZLEHND EHRLIEENTOHE D E R T LENTE, SHICWHFHEDOR
DALy RMEMZELRDICHAD ZENTELD, EM»OEERRHENIEGETE 5.

SR E OBEIRD X ) IZFRE Lz, BROALEEY, FRN7 MET 55 L Z0FEA
T AT DT

Tx Tx
I = G}>+AH T, (3-54)
7, T,

ERTLENTE D, MAEDTPREIIK U ORBEEEER LR — BT o & &
(e + AU'T? + (r, + AL'Ty)” = R? (3-55)

T OT, AEREETS &

-{qﬂ+@ﬂ)ijﬁ@¥+ﬂﬂ—(ﬂ@—@&f
TZ + 17

. (3-56)

ERDODOEND. EELTHNET 20 TT I 220D, KM SnZE 1 28EAT v
ZROA =At'E 1FREAT v FRETEESHR 2. FTRROFREIZIZAtZ4E 5 O TAtEZb S
HORNIIEHE LR L TTOREMNR L TS K oER L.
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Z 2 TR LT LR (new algorism) & 3.5.1 HilZB W TAL = 5.0 x 1077 & L7 SCHHLEE (old
algorism), ZiLZiE W CEHE L7 KR & 9RO BIfR 2 bl U 725 2R % Figure 3-14 |[Z7R 7.
WROFETA %2, BEME LTINS Lol b ZOFEME L, RHICTlR~ L5 1Tkl 72At!
FEEGE L XOHEMKRIZIZE T DR br ol REIICHE S EEFERIC
BILCHAEBIIR LN N, FLWT AT Y XAEAWD Z & TR 2 10 %504 - 55
T&E7e), URBEOFEICB W TAL T T X TR TR L7 HFIETROMEH L.

35
a old algorithm
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Figure 3-14 Optical path length of old and new algorithm.

3.6 IEEFIRE B O BT R =K

ARETTITEITEEMBERIRIC G 2 2 BT, BT % 3RO E TER LIZED
KR LK EO T r v b EJETTEREIn S LR L2 b O % Figure 3-15 12, [RIREIZIE TR0 &
2IRDIEFE TEFR LIZBEDO L D% Figure 3-16 [IZZ N LR d . EREHIC L S ILEBEEONARIX
ITREIKGT D N otz FELLOHA LA RKEWVIZIEILRY b REIN LR
ol JRINY OFFRN 2 W E SWDEFKTHIT /> TNDD, 2IRDERICK T HHEED
X5 2 E OIEN 3IRDOEFZRDILEN VIR TS TRE L, ERBEHKIZ LS E— RO KEN
2725 TWDHIENBZOLND. dndKEL 2 DI1F EEOMENEEIM L T EH[FIZH 573, 3.5.1
LR CHEBTHESHAO LD LY LIS ENREZLND.
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Figure 3-15 The dependence on dn of optical path length and intensity of light in three-terms
refractive index distribution.
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Figure 3-16 The dependence on dn of optical path length and intensity of light in two-terms
refractive index distribution.

37 V=R e Nz VT MBMEEEIRICE X DB

BRETORIICEBN IS =R e~z 7 BB LA TIR RN L1324
TRz, AEITIES — A « A~y z U7 MBI RBECEETIRIC G 2 D BB L. ARH
IR LA T, WREUIMBIOBAMENORESEZ DI ENTERVETH S 650 nm
IZEE LAV,

ET, SR oAU VT MIKREOWMIZI T D JEFTEROLRA R K 4 RCEELH 2
Do, ZORBEE P JEITE A & 3 I E TER L (R(3-30)), MHTHRO A AfEZ 1.500,
Hul & RO BT HEAER 0015 & L, 7 T v ROBITEngaqaing 2L S ETHBEROHFEEZIT-
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7-.

Neladding = 1.000,1.400 & L, 7' —A « ~rvx o7 ML DR ORE 2 AN E =
LIZRLIZb D% Figure 3-17 IR T. MED AFIEE S —X - A~ vz itk b3 7 MR,
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Figure 3-17 Sum of optical path length by GH shift in each initial position of x with different
Ncladding (ncladding = 1.000, 1400)
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Figure 3-18 Sum of optical path length by GH shift in each initial position of x with different
ncladding (ndadding =1.000, 1400,1485)
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Figure 3-19 Optical path length and intensity of light (n¢jaqqing = 1. 000, 1.400).
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Figure 3-20 Optical path length and intensity of light (n¢jaqqing = 1.000,1.400, 1. 485).
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Figure 3-21 Optical path length and intensity of light (refractive index distribution was defined as
two-terms and ngaaqing = 1-000).

w
3y

= N N w
(6] o (6] o
T T T T

Intensity [a.u.]

=
o
T

05 |

00 L : e
149997 149998 149999 150000 150001 150002
Optical path length [mm]

Figure 3-22 Optical path length and intensity of light (refractive index distribution was defined as
two-terms and ngaaging = 1.485).
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Table 3-1 Bandwidth of each dn with two-terms distribution.

dn Ncladding bandwidth (THZ/lOO m)
0.020 1.480 0.8
0.016 1.484 2.0
0.015 1.485 2.6
0.014 1.486 3.7
0.013 1.487 8.0
0.010 1.490 13.6
0.009 1491 12.0
0.005 1.495 3.2
3.5
3.0 r
25 r
=
=20 |
2
%)
§ 15 |
=
10 |
05 r
0.0 ® ¢ ¢ ”.”.
0 5 10 15

Difference of time [ps]

Figure 3-23 Difference of time of each mode and intensity (dn = 0.005, N aqding = 1-495).
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i 5 OREREE 5 &

r = ’R,%+R32, (4_1)
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Bz R g K9 Sxtih & R E RIS T 2 B W O Hul & DT A 20, B O fh R
ZCET D Lxy Vo BT ET 2 il 0 E o oLl Cltiil) (2113 (Ceos, Csing, 0) TR Z 41 5.

St S LB B2 X7 L EVE TS, 2 Tl & OB TEE S 2 8 5 Wi o
DEFET. VICBIT 2 5RO NrEaSET5 &,

R, — CcosfO
V = R,y — Csinf (4-2)
RTLZ
—sinf
S=1 cosH (4-3)
0

L. VESITEATHDT
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n(r) =ng {1 — (a;)Z}

CEFRTEDN, T2 Tridtinb0BEETH Y, r= V72D THRAMLER, O JEIT=RIZVOHEx
ENPBRODZENTED., ERRASK U THUNEREZ x, v, zZ S22 6 Lo R =
NOJEITROALN KD B, H(3B)DD ZRETHZENTELDT, RA(3-1)-(3-8)%FIH
THIENTEAS.

PLEDRRER X, dh 0 BRI IV TR E D I 2 i~ T, 2F— R 2 RE L 72D CTTy %
R W Ik L CHRE AR T E L, Ro%, SR FAWTHIEANGO 7 v & L72fE & LT
aito7z., BT ANVEY X « VA A2 [28]% AW TAER L. 2580 %% 100000 A4 &
L, At=0.0005& L7=. RBAETTI R TORITICBWTALITZ OEE Lz, EFKERd %
d =10 mm, EEEPOLOREITHER, = 1.50, EIFEEL 001 L LTEDEVEZ7 Ty R E-S
TWbHEL. €C=50 mm &L, EEEAMO 45D LITFEETIHDOELTY Ty FIZBEAET
(BB T 2 HAROR, 2 AFWTH A L CTile LTELZL D% Figure 4-2 (2R3, [X& 0 AGiE
BRO—NRIT D L DI D IR SN D Z &R ol (KO BN RO
i) . Figure 4-2 DT RT LI ICRIFLESES [mm] & T 5 &R E2 /NS <T5 &61F
R&L 2ol R ESOBREZ R LIZ[X% Figure 4-3 (R, #HIR¥EEE 30mm LA F &35
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Figure 4-1 Bending waveguide and indication of parameters.
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Figure 4-2 The region of the starting position of ray that pass the waveguide without penetrating
cladding by Monte Carlo method. Circle indicate the cross-section of R,.
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Figure 4-3 Calculated & ineach € (plot) and reported value & = 1/(Ca)? (broken line).
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Figure 4-4 Model of bending loss simulation.
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Figure 4-5 Divided ray number and distance from center of waveguide to starting ray position.
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Figure 4-6 Average error of each trial of different ray number.
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n(r) =n, —nyr? (4-8)

DR TERENDIEITRSAR LT, ny/(2n,C) 72T B O SMAIT 8 ~Hh A3 93 72 JE TR0 4 2 A7
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d
0 = arccos (Z) (0<d<2r) (4-10)
d\*)d
sin26 = 2sinfcosf = {1 - (—) }— (4-11)
2r) ) r
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s=2 (nO) o” 1y (n°>2 (4-12)
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Bending Loss = 10log, (1 - m) (4-13)

Tho. MFHERTEREOETRE, a7, HARREICE > THIREI LD DO T DK,
RIZINODNTA=F =L TENMTLEEZONDDD, BT —8T 2 LH#HREIND.

— G TR RS AMTHRDN & < 220 THJERAFRO S DR TR D ey, BLEDE N
BRI RERICE LA MOTMEEL TH L L WO FREMREZ G2 TWD. Lo 5 3K

S

i

42



R EFOBITRMARMNU MR D E RN EENDT-DEMETHY, EREo X 9T
FTZ LR ETH -,

i o
14.0 < Convex
—~ 120
% 100 b O Negative
3
S 80
= e
T 60 |
S o %
m
40 t o o
20 | O © o S
o 0000 oo
0.0 O N s T e s S W)
0 50 100 150

Bending radius [mm]

Figure 4-7 Calculated bending loss of convex distribution and negative distribution.
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Figure 4-8 The ratio of power of light in negative Gl waveguide and convex Gl waveguide.

43



. Negative — _ - = " —

20.3%

" Convex

0.0%  3.8% § 27.

10 20 30 50 100
Bending radius [mm]

Figure 4-9 Initial position of the ray with passing bending waveguide on cross-section (up: negative,
down: positive, 100000 ray, all trial was conducted twice).

Figure 4-10 Schematic representation of axial shift.
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Figure 4-11 Theoretical and numerical axial shift.
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Figure 4-12 Numerical bending loss of in each curvatures about several diameter of waveguide
(D [mm] =1.2,1.0,0.8,0.5).
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Figure 4-13 Axial shift of passed region (D [mm] = 1.2, 1.0, 0.8, 0.5).
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Figure 4-14 Numerical bending loss of in each curvatures about several refractive index difference
(dn=0.020,0.015,0.010,0.005).
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Figure 4-15 Axial shift of passed region.
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Figure 4-16 Refractive index profile.
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Figure 4-17 Numerical bending loss in each curvatures about different g (g = 1.5, 2.0, 2.5).
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Figure 4-18 Axial shift of passed region in different g (g = 1.5, 2.0, 2.5).
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Figure 4-19 Bending loss of diameter dependence (dn =0.01, g = 2.0, D [mm] = 1.2,1.0,0.8,0.5).
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Figure 4-20 Bending loss of refractive index dependence (g = 2.0, dn =0.02,0.015,0.010,0.005)
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Figure 4-21 Bending loss of refractive index exponent dependence.
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Figure 5-2 Determination of the refractive index profile by ray B.
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Figure 5-3 Determination of the refractive index profile by ray C.
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Figure 5-4 Experimental configuration of the system to determine the refractive index profile.

Figure 5-5 Scanner image of screen through the sample.
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Figure 5-6 Refractive index of immersion oil dependence of accuracy.
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Figure 5-7 Calculated profile from screen data.
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Figure 5-8 Schematic representation configuration of novel system to determine the refractive index
profile.
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Figure 5-9 Schematic representation of homothetic geometry to determine the observation point.
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Figure 5-10 Observed line through the sample under room light.

Figure 5-11 Observed line through the sample under monochromic light.
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Figure 5-12 Observed line through the sample using immersion oil of different refractive index.

Figure 5-13 Simulated ray with different angle.
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Figure 5-14 Simulated line on the screen through the rod of each refractive index.
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Figure 5-16 Calculated and original profiles of refractive index.
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Figure 5-17 Refractive index distribution of each mismatching of immersion oil.
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Table 5-1 Refractiveindex of core center with each observation point (OP).

OP [mm] n(R,)
250.0 1.48508
300.0 1.48516
400.0 1.48515
500.0 1.48530
1000.0 1.48510
1500.0 1.48518
3000.0 1.48499
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Figure 5-19 Numerical refractive index profile of convex Gl waveguide.
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MEEREL 72D L, BIZEHIRINDIA Y v —F U ARITIEFE LIZS <78 d. ZHUTH~_T
B 2HIRENCSWVE ) v — R ~—TF PHIVORIGTH DAERIGERE TR E DR 2L %
Fiz<v. 29 UTEIRRISIEEIC AR FOGHE D HMIIC KR E S R 5728, HEDBKRIC
T —REDEBDTHICEDPDPDO T RICHENRRELS 2D EB8HY, ZOBRGIIT VR
(F7X b2 A RV T7808) [B9] & MEENTWD., 7 e X AVEAIECEBWTZ VR, Zh
WZRVRESNDERRISICE 2 KRERFEEL, WITRTEHEGROLFREERIZ LY B il
A7 NVEKL, 7ar hEBRT & ZHS Tnd.
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TR LV RESNTZEE OIS LV FNORENGMIZ EHT5 L, EARFHPL
D JEIA~OBIEBUS BN AT, FOEA R b &R L RDORBEARNSEET D, 20Xk 5 7RH
RuELBDREEALTHND., ERRICI Y EERHPLCEBRENTED L, ZOBITEDY
JRFTRNCESMEESND. L ZOEGOMIGEIC LY, S HIZAEGTOLHTOIREN FH-3
L. ZOEIRIEDT 41— KRRy 7 HOMBY A 7 1. BOMEY A 7 120 iR4 2
L TCEARGTLEEADMOELREOZENKE SR 7ar RBREKREND. 7172y MIE T
TR E B A 7 VD=, FIZEEDNEAITONND., ZOTDRERTHLL LT
Y IR SO ABE T D KO ICEAMThND.

UL Eoibfe 2 B 7 1 o Z VEATE TITANED b O LICH BRI TN D, 7272 L/
SWEARG CIEBEEI T, BEAE M2 7y MR ESE5 2 LIXREETHD.
ZDTONT 7 A N—OERICITARN 7 v o ZOVESIETE ST, B ARL X0
KA DFEAFDOIERIE L= HIETH 5.

6.3 5RINRT VA M7 R U X NVERE
6.3.1 BEE=

ATET CIETZ R RIZ L 0 AR R RESE D AR 7 a v X VESIEIC OV TR A7z,
BT v o 2 VERBEIIHSICE R ThRTIE, 7ay hERRSEL 2 ENTE RN
ZOTDITITEREANEMZ 5, b LIFEAREZSIEIC LTI LRV, Lo LG %
MADEERINTZTY 7 —2bmy FIIEMT L 2 ENTETPOFA/ERT 5 Z L TEAeu.
FMBTEARZIT) LHADRELRNWI &R, TO®%OT7 vy hOBEINET X THokeE
WHREEZB/DIZENTE RV, ZITAMETCIE T vy hERIMRIZ I VIMEN O R-A ST D5
GMNRT VA N7 a2 VESEE VW TZ[36].

IR T v A b7 a o ZVESIEE, SN SEANRE AV TEREINIC 7 e FEERSED
FiETdH 5. Figure 6-1 IZEEAMET 2 A b 7 o ZVESEOHIKN 2R, BIMEOIE A, b
FRERNTUNSVERONJEE L, EEAHICHEAT 5. 20L& & BEAEIKRICLES BEH
GENTHD L RFTICESDNEITL 70y RE2ERESEL 2N TE L. EEEMINE X
WHNR AR LT 7 ey NI ST, RNOEAEOARE—BELTLEI DI, D
FRETHERZITo7tk, HRFFRIMIZ RN T2 L CRIEZR 7 n Y MRS EDH Z LB T
5.

WHBRT VA b7 a U ZOVESIEORRIE, AEAEMZA R CTHIRIR TR E L7 r Yy M
FERESELZLENTEHETHY, BNV TV E2BGEMT 5 Z L TPOF Z/EfIT 52 L b
T&5. ¥EMEATIECEAZITY LN TE, HEML RV, AFFETIE N-GI-POF % {EHR
FTLHDITHWED, W DEITRSM IR ST D Z LA TE S[36).

FRISHERE L TENMICESEROTLNST S LTRKET 5 2 LT, #hindy XK TG
B 2 B BT R AR[40]°, B DK Z H BT~ /LF a7 GI-POF DfERI F &2 5 5.
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Figure 6-1 Schematic representation of UV-assisted frontal polymerization technique.

6.3.2 JEITR DT RS

RN ~—BITESHBE A OERFEE L CTHbONA RS VESIEE, 77y KRBT ~v—
I LTI L, ZHuc kB S iglE <, BRIt AE 22 L 2FHL, F90
WVEBIIATEE 2K 1 R —r30 b & RIS S ITRS M 2 T 2 7 ETh 5[7]. Uk
D LD 7ol - BRI L A AR OB 21%, EAMRT A M7 e X LVEAICHEAT
EHEEZALND. Tuy FMRESBEIT O, oFV A AORE L F— 30 F OBIRAVILEIC
LV, FIOEIEE R—_0 b3S L 2% XD iz U T & %, Figure 6-2 ICEA DT L F—
R SO OBRERTHIEX 2R3, BT VR b 7w o2 VERIEIZL Y AR
EROFBRTFEERT 212, A ~—0RIrELY bEEiETtody, T/ v—Lh b3 Aa
ADRERMESF F—=_ FEHA0iZ v, B Z o ZLESIETHREONTT Y 74— A
2y RZBWTE, ZAE TR (b LIRS F F—"r FOEHFFEEZR ) ~v—LITFIc L7
BAUTAD) OREIFRSAR LS S TORWD, EINRT A b7 o v Z VESETIREY)
KRR EE S A2 52 LT, ABITEIMEHRLIZLNTES.
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Figure 6-2 UV-assisted frontal polymerization with dopant.
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6.4 7Y 74+ —2snuy FOER
6.4.1 fE BRI

AREBRCTHEA LRI TOBY ThHhDH. T/ ~—L LTAZXZ ULAEEAF L (MMA, =%
LA 3y () &) 2Rvz. BEACHCABIIT NI FTON T LkiET I E THEAZIERE R
DR, IR =N e LTV T 2= A7 ¢ R (DPS, HURIbRC L (BF) ) %
i, HEEBEAIE LCTF AT T Z Yy (n-BM, FGHEE T3 () ) &2 Hv/-. fidk
EEEL COWAFREM RN H DD TT A I F AT L 2@ LTI NEZRYBREMHEH L. BEASBA
A& LTl b~ (v (BPO, FDEHIFETZE (KR) #) &Mz, ik BPO ITITZ MDD
72 5% DAKNEENTNDHDTY v a RV AICEMRSE, /8 L7 KEZ B RV 7-%Iic, ok
KICRLIEREDAZ ) — /T T SERHRSEL 2 L THRZITo72. EEAMAIL LT
2—bRfaFor—2—AFALTabF 7/ (HMP, FIDEMEETE () #) %2 Hv7=. DPS,
HMP (2B L Tk 24T il £ £V -, Table 6-1 (CFHICARERICEE L Bbh b /37 A
— X —%F Lbi-. F7= Figure 6-3 |2 K RIDOEEX A R LT,

ARIEBRIZIB N CIEG OBRICEZ T Tle SEAME S W 2 72 DRI AT A~ 7 R L D]
EHIT o7 (Figure 6-4). EEITMHEM L7 8AMR O REIL 365 nm 72D T, Z O REIZHIT 5
FT10em H72V % LFHEIN. FIZITESEwmO R Y RAMOKIN 15em &35 &K 4R
DJETIITT DO DK 25% DNV EET R TH D P, EEITEADETIZEES LI-ERO
FERITEF LTS EEZLN, FRICAROEETH 7o FRGLNT. SHITEW

AR AT OWIGEITNEEGRBHOEIG 207 L, IO RRU —% BT 550 T RN
VETHDHEBZZBILD.

Table 6-1 Amount and parameters of used reagents.

Amount Molecular weight

Reagent Refractive index
(Wt%o) (g/mol)
MMA - 100.1 1.492(PMMA)
DPS 15.0 186.3 1.633
n-BM 0.05 - -
BPO 0.60 - -
HMP 0.02 - -
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Figure 6-3 Structure of used reagents.
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Figure 6-4 UV absorption spectrum of monomer mixture.
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6.4.2 fERL 51

MMA, DPS, n-BM, BPO, HMP % Table 6-1 | R SN7-EIA CEAEK AR L, EREMH,
AR A LI thICEAREGICBE L, 24n (85°C) FCEREMRE THEALZITo/z. HA
BIONLIL 15 mm Th o7z, WK & 7o 72555 CHEA 1 mm BT - 7 EARAY
IREEAMIR B AR A B B BRET L7e. 2 2 TN O NI IR R 365 nm, A{EliE 10 nm ¢ LED
ZHWi= (KEYENCE (#f) #, > hm—F 1 UV-400, ~> F : UV-50H). ¥4 2 EHIEWD
7u s RBIND OPBIZE S LT, Figure 6-5 ICERAMRORRFIC L VB SN 7a v FOFRE%E
AT 15 SR L7 RIS SRIMR % IR 8 85°CDZER T TR 48 I BVLER 21T o 7=, BHA FIEOH
W [X1% Figure 6-1 (2R L7218 0 Th 5. M L7-285MRO YR 13K 14 mWiem® Th-7-. 2D
HASMTIX 6.5.1 BT DBGEEE (200°CEEE) ([CRIANFAE LD T, EABELRN DL
DL, 512 90°CHZER T T 48 FEHOBMLIE 21T o 7= & Z ABGE N AIRE L 72572, 2 OF
WD DET) 7 — L7 LT TFORMIZIT- 7.

e

Figure 6-5 Photograph of front generated by UV.

6.43EREINTY 7+ —2buay RO

BRI 7 —Lbay REBEL T T2 RI-BEOSHE% Figure 6-6 (2739, E% & ki
DHLAAD DO THE T DN E L B TV DR D . F =BT % Figure 6-7 |
AT IR aTHLICBWTRETERN RN TH Y, BIFRARS R KIZR>TND Z L3y
Mot LEROEITRSMBIRINTZZ EDBLEEITH.

FTAERECIT T n s FORAELBHO _BEOBEN DD LEZDND. TibLEN R
WCRDBELBIC L TEZOBEITHD. HMOMICENREARN T 52 L CRONZFHKTE
APMEEI N, BEEEZEVHTIENTE, 7ar BB ESNS. ZO@ERETIE, RIMR
EWRE L2 T RICEAMEES N, 7y hOBEINITZE A EIThbenizd, EITERO
DATIEE A LRSI NIRNEBZ DD, RIMRO BRI AKFET 2RO 7 v o M 2348
EEHZENTE (Figure6-8 (), RAELEZ7or FORIKITE U T7 oy s OBEFHPH
FERZEd 5 (Figure 6-8 (Z£) KO (F)).

I THIET RN E G L T OICBE R DTS L > TV T r > F e r Yy ROFLITH
STHRASEDZLETHD. RERLABITRSAMITOICIB N TRER T, RERABSMLE
72OT, FOMHED SIS OB IEE 2T B0 b Th b, il 2 ITERIMRIC
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kB 7a s MERBRRKNT R Mo T LESTEAR, ERENETY 7 4 —2FFnicEs
WTRITRENRZT biighoT.

BCL b7y NEENRELHIETALERDH L. HOEITESA XL TAE A K b
R&EL, BHETRG/NEL 25, JBIFRSMOBEITT VIE L E ) ~— O ERAEN K E
VI RTINS, Lo T Figure 6-9 (2T K o277 vy BTV S & X 3Rk
FEERELLT, 70y MREBICBEIT 51206 > TR ICiRERZZ/S LT LS IS
EAREZHET S 2 ERREICRD. 20 7ar NOBEEE L REEROERLERD EFOR
A= —%—BIEDL LI ICEHEEXDVLENRS D, LLEDOZ &L ABITRSA DR S
NHEHIZE, 7ay hOFIENEFICEECHL EBEXLND.

WHMT VA N7 e X VERIETT ) 7r—Lbuy REERST DL, 7T o RERRWVIREE
TR IS, L UMD 27 7 > RERIIRSICARETH S Z L BlE STV 5 [41]7- D/
BT b ntE2 b5,

a

Figure 6-6 Photograph of lattice pattern through the obtained preform rod.
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Figure 6-7 The refractive index profile (determined by ray tracing method).
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UV-assisted frontal polymerization
Spontaneous frontal

polymerization Under UV irradiation After UV irradiation

Polymerization

container

Front
v

Figure 6-8 Front expanding of conventional frontal polymerization technique (left) and UV-assisted

frontal polymerization technique of UV step (center) and heat step (right).

When front is near the core center As front extending, inversion
inversion rate is low rate increasing

® __

Adjusting the speed of front stretching and inversion rate

increasing

Figure 6-9 Speed control of front and inversion rate increasing.

6.4.4 JEYTRLA O TR ESERKENE
O AT DRI O PR E A R EIT RO IS5 2 DB AR D720, ThZh iz
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iR LIS OS2 — B S 728, EAEIRIE MMA (2% LT DPS(15 wt%), 1-BT(0.10 wt%),
BPO(0.30 wt%), HMP(0.0062 wt%) Z &7 5 Z & T L7=. THEAKRMEZZh 4 35h, 45
h, 55h & L CEDO®%EINRE 25 /yHIRE Uiz, WS, EARE% 85°C TK 48 RifEIFHE T 5
ZETHARET IET.

JRHTRES A ORER K% Figure 6-10 (Z7. BEIIHAL R TH 0 fitih R E 25277
FERITEBRICE SN BIT R M E2 R L, PIHEASRHIZ(@)5.5h,0)45h,€)3.5h & LTRLT.
BONTY TV OBITESAINANCTIEATTEREF L TRBY, ARITESMTHDHZ LN
syinodo. Ro7 ey MIGEEIE( 2-3 YO TH 0 IRy Mitcikg DEIZZ N ()g = 3.8,
(b)g =26, (c)g=14Tho7c. HESINTEIRLSAMAITR( 2-3 JWTERIZITER Lo 70,
HRT — DR E VAT BRI ST D L ) Icga R E Lz, KK ) FEEARMEIED
EIRITFEENRELSRDZ ENghole. SBIMEORKNIEMIZ —ETHLOTEHEEN/ NI W&
XL T 7y FNEOEEGENHICREL RO TIRBITES AR DN/ NES L ool Z &
MWEZLND. FlogDEL PHESRKEIOG L TRKEL RoTWD I ERNDhszZE7e v
NBTERR SN TEFRFOBEAEN @V E 7 1y MR BERAHEICW S & ZTIXESEOEN NS LR,
JEITRAEDNEL 2D Z ENFINEEZHND. 2 2 TogD Rl E 2 FREE 72 O T A H
DR DN TITRIT R EE KE T 5 LIRS MARRITRR DD Z L3 o,

0.010

0.008

0.006

0.004 (b)

(©)
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0.000
0.0 0.5 1.0
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Figure 6-10 Refractive index profiles (normalized radius and refractive index difference) of obtained
preform rod with different pre-polymerization time((a)6.5 h, (b)5.5h, (c)4.5 h). Plot indicates
approximated profile((@) g =3.8,(b) g =2.6,(c) g = 1.4).

6.45 EHBL—F—ZAWEENBRT VR T2 LVEESE
AR L LT L —H%— (UV-F-355 (Sun Instruments) , A =355 nm, 5.15 mW) ZMHW\C, [A
FEIZ 7Y 7+ — L OfER A T o 7= EASAEIX, MMA 2% LT DPS % 15 wt%, BPO % 0.3 wt%,
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1-BT % 0.08 wt%, HMP % 0.04 Wt%iE& L, i &% 85°C T 5 efH, SEIMRIRS % 18 43T
o721, 85°C THKJ 48 REfHIFHE T 5 2 &L CEHAZTE T Sz, JBITHEN A Ok 1% Figure 6-11 12
N

INEVgOEE/NS S Ro T EFERITFRELZRELSTHIENTE T, L—F — 1T T =03 K
FVWOTHEHAEO/NSVESRET CLERENRE VT oV MEERSEDLZENTE, F—
WU NGFEMUBTERDBWI ENRKEBZ BND. FHICZ 2R LIS Tldg =208
LIRS & < — 80 5 BIFRBITENA 2D Z N TE 2. L—P—Z2 A5t %R% H
BTo0EL72, REWRT—(HBONL O TRIERIEICHFITHD EEZ DD, ETkR
ELTCL—HY—Z2HNDZ L TUHBHWEW T &R SEDZ ENA[RETH - 7=. Figure
6-12 |[ZERAMR L —F— 2 IR & LTSN 7 1 v FOET 27T, ISR 23 b -
FEZOLOTHLIN 7 FRIIF 1lem TH - 7-.

0.008
D
8
§0.006 -
[<5)
E
o
X
E 0.004
<5} (o)
=
] (e]
S (o]
% 0.002 |
@ o
(@]
0.000 L L L L
0.0 0.2 0.4 0.6 0.8 1.0

Normalized radius

Figure 6-11 Refractive index profile of the preform rod fabricated using UV laser. Plot indicates

approximated profile (g = 2.0).
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Figure 6-12 Photograph of front generated by UV laser.

6.5 Y7 7 A X —DVERL & R tEFEA
651 Y77 A N—DBIE
POF ZAE#LT 2 HIEIZW < D03 208, RIFFRTIZT U 7 4 — LA OBGEMIC X B ER A T o 7.
M — X — DR EREZ 2000CE L, BHEUSMM DT 73— L ZEALOMM DT 7 A /X—
ERDEIZTI 7 —2D b —F—~DENRE, BEWMY OFHELX 2 hr—/L LT
ERENTENT 7 A X—DT 7—7 4 —)L R — 2 25 LT-8k 1% Figure 6-13 (2773 .1m
(YT L7 POF O 7n 6 L—H—X & AG L, HEENS 3 cm Bz 8z A7 ) — v &E <
LT =B L. BoNToZ — R M 24\ T I 0 A8 O R AR TR EE 23 5
<, FULAHEIHIZEE A SRR S TN LMD, 2 XY POF ITIEf LT b Ei K N
WCRBITRDAM 2 R> TVWD Z EDVRENTZ. POF & L% 7V ORITRSAITRIE L T
WSBE LT H NEROJEITRAMITNE & A CIRIZND 2 & BNHE SN TWAIT].

Figure 6-13 Far field pattern of fabricated N-GI-POF.
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6.5.2 REHIR O

T b8y ZIEIC XV AERLE FL72 N-GI-POF DGRERIR DM EZIT- 7=, HEIIZES 7
v 7 A m A a—7 00S-01 (Hamamatsu photonics K.K.8Y) Z A L7=. 4 L7- POF &KX
8.0m Th o7z, JIEINIfmsmigkit 100 m T 500 Mbit/s F2E T - 7=. RIEICHEH L7 POF
WEWIZDRRENKE N ERTHREND. WESNIMHIZY I 2 L—a U TPl LIEESHE
KD GI-POF & L THE I TWAEMA42lICx L TREL TS, JRK & U TREITERSAm Ofil#E )
FERFDTHDLZE, 7Ty REBPRRWIZOKINOBRIC 2 7 Kl OB 2 2T ol getE 2 6
5. ZIEIRERE S % AV 72 N-GI-POF OFEEEETIE 100 m THJ 870 Mbit/s (10 m D71 > h/3y
JIETHE)EME SN TWA[B]Z Enb, INLEHET LI ETh EH IV EE
WA GELND Z RTINS,

6.5.3  JtsrisHE D FAM

BIRITRSAIY POF ZE R L 78O — O3B G I 21T 20 L VW) b DIEo7z. 22T
& SN ARITRAY POF 2 #2fih St 2 /3 S & 2 RBRIT 72, 1 m RO QR =510
POF # 2 AMEL, RUDZ L THEMIE. RUDEEEFHEST S Z & CHEtmiEz il 5
ZENTEDL LT, BRDFMONERY ANDZENTEDLEEZXLILD. R LED Y& iy
FDT 7 A NR—=IZAEH L, ALY EEEZSESOAF T 7 A S—D HEHEFRE ORIE 21T
7. Figure 6-14 (2L S 7ZREDET VAR, KORIEZ QLY REL & LT, LIF 3600 %
OB LR EEEEMEES X OICRE L. ALY OAECRL - 72BEO J11TFER
TEICRELSZBLLRWE S ITHER L. ARSI 7 7 A /N — O HEHEIRE ORIE H1T - 72.
Figure 6-15 ([ ABHIIZ 7 A /X—D HEEREE, Figure 6-16 (ZA Tl 7 7 1 /S — D HEHEsRE %
AT MOBENIA TV EETH Y, M XA COFRRTRE Th 5. AeIoHkHMERIE 217 2 72
Mol leDWED 7T 7 OMEITHIS L TELTRUEZ 7 7N TOlIKE 72 % . Figure 6-15 7>
SAFHA 7 7 A N—DHEHEITR T D B U TR LTS 2 Ennnd. EREITo 704
PGl RITEMRBIR N 5 Z L0 o7z. RUDARLEZRKELTLIHEORLYIZOER
AWFRFETREE N F A3 > CUNe. 72 Figure 6-16 5B X D1 5 &0 9 70 BEC, KB AT
727 7 ANR—A~BE L TND 2 ERNDN-o Tz, eI~ - THITL T 572, il
DAL L 7o IR N T T 7 A R—[HTOXROBE P TONTZIZOEEEZ NG, LIELELD
ORI HRERFORKIEEZ 1 & LIALEBA THLTDAF 7 7 A N—THD LT RED EOREE
DEEXHTH T 7 A N—IZB>T=DEAHTH D, BEFTHT 7 A N—O R IEREITEIF E
IR LD B E LML TRV EINRIIHRIE ThH 7D T, AL OBEIZ XV sl
IXH HREEHIENATRETH D Z E BN -o 7.
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Figure 6-14 Schematic representation of twisting fiber. This figure shows one twisting.
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Figure 6-15 Output light spectra of original fiber with twist times. Inset indicates the transition of

intensity peaks.
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Figure 6-16 Output light spectra of opposite fiber with twist times. Inset indicates the transition of

intensity peaks.

6.6 FE=

ARETIE, TTHRO 7o X NVESEZHAL, TREZIGH LTEMRT A h7a v
EAVEDFFZHH L=, &IZ N-GI-POF DERLG 54 ik~ 7=

ERIS N7 ) 7 —2bnay ROBEITRSAM 2R L, RiECRIBITERSARER K& (ER T X
HZlERLIE. FETHEAORMICE > TRITES AN KREI LT LI LE2HPLE. &
DIZEEAMRONIRE LT ——Z2 WD 2 & T, EITEEZRELSTDHIENTEL I LER
L.

Bon=7Y 7+ —2snmy REBJEMT 2 Z & T N-GI-POF Z{EfL L 7=, [mi6HI3 R K C 100
m T#J 500 Mbit/s D& DORE BT, £7-2 KD N-GI-POF 2R U5 Z & T, HaenksEsro L
MTEIZ. ALY EEREZEOT 2 & TR T 7 A S— TGRSR L, o~ 7 A
NI TR TREE DS INT2 2 & D3 D BT,
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BIE HBREBIECLD 7 7 A NN—RDODBKY I 21—V g v
114
i%\):iﬁff 3T e NEBIZFF OB B2 T, I Figure 2-3 (2R L7 K D IE R L B JE
RIS TP 2D IR LN BT DT, MEECEREO a7 R E2EMIE5 2 & TF
5 KD ZAITH ZENTEBHLEEZOND. Lo LB KO R RSN 2 RO B HE R
HY, DR FTERICHFETHDOT, —o—2FFEER L CGHEi+25Z L IZREETHD. £
CCARETCIIEE DO 7 7 A NR—HONIEE Y I 2 b —a T A HERERL, MR Tz,

12 LB R O BT R MBS BRI 1T 5 Y EBNE
7121 BERBROBHELB/LIDOT NI XA

IHE TICEREL— OB Z A L TV 556 OEIKITIT 5B 258 L7, 3
BRICIZERRES & iR A— D DBEE NI ET 256X, 77 A A —RAEE2RC o7k 9 i
FER O ERE B0t 2 WAGERE 1T 5 LERH L. = 2 Tl X OER I A TR ORIROE
WK HRET 5 H LA 2 [43].

JEIT R DA RO A, JRITERIT Figure 4-1 (SR WrEIO HL Obdilh) 25 e L&
7 M AVOKERHE T 2 BRBE|VIIC L > TRE S LD, £ 7 Figure 7-1(A)D X 5124 5 FIk K IE
WoSthz, SMOEAP =[P, P, ..Py|E T 5. PENETNOMITIEHRBH T ER LT D, KR
NER, EPOFBEFED L, = IRy — Pl Lym = IRy —Pplreos Luy = |R, — Pyl... 2 TNZEH
FHEL, W%¢é<@5L&U%@5P%*@6(me7um%%) NIFPOEZ KL TH L. =
Z TCPUIRLIZHIET 2 Wl IV THH DT, ZHZHHO S EFBIL TV, ZRD 5. V,
I

Vo = Ry — P (7-1)
TRINDN, LoD Lﬁ‘é%@‘fﬂ) IZ R DRAELARIT 5 T2 DA R TIER D L 5 e BEA4AT
ST B HEES TV E 2 FH I rEPs, (Pgyq FT21FP;_y) R ONE DFRBEL, % 71595 (Figure
7-2 ). Py L P, MIDEREL, 1 ZLL FOAXTRIND

ssl - |P sll (7'2)

P%:ﬂLTR#%ﬁﬁ%TT &ft%ﬁﬁ% ELAR & Tl U CET B O il 2P, 23K D 5
5. Py P, DBRBEL, (X515
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P, =P +Lﬂ(Ps’ - Ps)
sS!

(7-4)
LRI, LEXA(7-1)%

(7-5)
CEIWADL L TREOERRREZ KT 5 Z &N TE S,

Pm—l ,f.‘
# 1
c0
P ," \ Step 1 Calculate distances
oA .
N \ between R,, and each point of
H N optical axis.
l:,m+1 i~
[t
: R
i 4
| S ' s "
{ ’ Step 2 Determine the nearest
=P .'. / .
v/ point (Py) from R,,.
1‘ I,,
[ 4
Pm+3 \

(A)

(B)

Figure 7-1 Schematic representation of the ray tracing algorithm for an arbitrarily shaped Gl
waveguide. (A)P is a set of points along the optical axis. (B) Py is the nearest point on P from the
ray position.
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T

Figure 7-2 Schematic representation of approximation for decreasing error. P is the nearest point

from R, and Py, is the next nearest point from R,. P, is a cross-point of the line PPy (Lgg,)
and a perpendicular line from R,, to Lg,. V,, isthe vector from P, to R,,.

W THERE DOTIR A R BB O PN E, WIHIASAEORELEICZ OV TIERD., Ky I =
L—3 3 CBW T ZERNICEB T DRFENR 2. 2o, B oWrmicst Ll L O %
A UTREZ RD T WA R E, Wi EOROFENUNEEL RS, 22 TET Z #ha tdh, iE
DI % HRROHET B E L, X—=Y FRIZHIEDSIEN > TWD ERE L. 22 Trlhnd 5
Y RAEZFENTND EZIC ZENCED X S REHEZITAITZONEE —BT 201042 EZD.
IO X—=Y Pl EOEED FICB W CRBOME 21T 9 Z & TCEFRKOWm & —H S
LI ENTED. KON~ MHIZ—FEHO vy N ZFEHDOT vy hDES P, -
P LT XV IRESISD. Figure 7-3 RS ND K DI, ZTOXT FALDX &Y Ry TRINDLY
NVH ZZEREI D 12 X i —8T 5 L 9 ICEi S 5. ZORERMAIE 2 DICX7 MLoRdMI1c
B9 5AXLY

O X|

TIREEND. ZZ2TX= (1,000TH 5. F7-Z#hE 0 Dlalfizix

cos@ —sinf 0
H' = |sinf cos® 0 |H (7-7)
0 0 1

TEEEND. ZNEEHDISETDEEFEDLEDLZ L TX=Y EH EDOX7 RLH" 5.
A FE VLY HhE 0 (2 Z8h & —Ed B L o I S iuE kv, FRRIC

HIII . Z

nr ( 7'8 )
|H"™[ |Z]

cosp =
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cosp 0 sing
Hnew=< 0 1 0 )H”’ (7-9)

—sing 0 cosg

ELTEBRT D LNTES. UEOFHREIY 75 HiTiTo72 X 5 2 Wi I H 5 A iE 2
RLEZENTEDL. FREZOFREOH D Z LT X—Y Vi LoD E 2 LE O F
DRIZEBT D ENTE D,

Ubo7 a2y X507 0 —F v — k% Figure 7-4 (ZRT. £72 2% A0 TEBISERBER
77T LR LT Bl & U CEARR &R hEIR A2 R S BRIk 2P & L CTUL O TE
HL.

P.(z) = gz, P(z)= —d, (z<0)

P.(2) = deos (~ %), P,(z) = dsin (~ gdﬂ), (0 < z < 21d) (7-10)

P.(z) = gz — 2md, P,(z) = —d, (2nd < z)

7272 UE P AR OZENC KT L CTOME OFHg = 6.0 BN K E WIZ EARENARIRHEL 72 5),
d=10 mm& L, &CP(z)=z& L=, LI EOFMETEHE LIEROEEI O % Figure 7-5 12
AT BRRIER O L A R L, FERITOERR OB A R 9. RO ALl & O BREELS
Jis U L & 7=, Figure 7-5 £ 0 i3 o 72 Ll v o THRITEO AR BIFEET 5 K 5 ISR
HEATWD Z ENghole. ETLEMREOBEEDOHZIIA Y AT AN E L TER (MDF
AT, MRBEE OB AR L7cRlE, AF o — k& L CEREOERK (MOB) 1T AL
DREINTND., BREEAZE LTI L TO2R.
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H"

v

H'

Figure 7-3 Conversion of coordinate from Z axis to optical axis.

( Start of program )

\2

Set P and other parameters

Calculate Ly, -, Lmn, ) Lyn
Determine Ly and calculate V,,

Determine R,;; and T,;; by Runge-Kutta method

Does the ray reach e
exit of waveguide? No

Yes

C End of program >

Figure 7-4 Flow chart of the algorithm for ray tracing in an arbitrarily shaped waveguide.
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Figure 7-5 Schematic representation of the ray trajectory using the proposed algorithm. Solid line
indicates ray trajectory and broken line indicates optical axis of the waveguide. The waveguide was
configured as a straight and helical structure. When trajectory was far from optical axis it shows as

yellow.

7.22 HERHEMRET L TY X4

AVELEHRENE B O LB L CRIRR N IEF IR V. & 2 CRHRR M A M 5 7 v
TV AL EBEZ TS TIDF 2a—=2 T &iTolz. FHEEEROIE L A EDERRALE &l Eo
JP =[P, P, . |OHEEZRD D Z LITER LTV D LB b2, FHET 5 RO 5% K
THZ LWL, —2OFHERAT v 7 TR ET BEEE O i KRR O i K fEing 2 VT
oAt ToH D728, HHMLE D D Z ORI Ol L RO FEEEZ T 2 3R U Lo, G
% FJX % Figure 7-6 |25 3. BARAYICP_ 7 B Py £ COMEEL T HE T D & 40E, kDb
{[EAS

noAt )
= 7-11
k = (floor) (interval +1 ( )

L%, ZZTinterval IZPOEEMEEECTH D .

LI EOFERERERET LT ) X N EHEID DO, 2 TOMMEZFHRE LZGA L EERE
FRET D56 ORI O 21T > 7. POBEROEAEZN, HR/NEBEL A KD DERIINT X TD
SEHREREE 2 L L 72 BRIC 23D o T BRI A timey), Ps_i 7> B Py £ CORRRE 3R L7ZB IS
3o T2 IRE ] & timepegion & L CHEERICEHF L7z b D% Table 7-1 (2R3, LT WL S
time,/timeyegion & BT TR . I EBOTLEFEIROMELRC/ T A — 2 — ORGEITFIHRF I
GENTVR, Table 7-1 X Y time, [IND “RIZHHI L TREL 2> TWD. THUINBKE L
725 LEETONMBRBENRELS 2D L L, —REOFHEREMESENT LT oFLoT
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VBT EBTHEND. THICK L Ttime egon ANICELHI LTV S, ZAENAKEL 2o T
b — R OFHEIREIIZ D 5 220 O TR O L BRI E L TWD Z ENFEKTH 5.
LD ZWH OHITIFFELG &RV NPRE R DIF EFIERRENRET L) XLIAMTH
L NG role. FETOREITIE Ttime egion (Itimey (L THRO T/hE <, FFICN =
3x 105272 % & T & ORI B & 72 5.

PLEX O RE CHRALFHERMERE T VT ANIATHLEEZ, TR TOTr s 7 A
(ZHY Ahiz.

0-5--5-0---T.':-0--—+--;9=---T-—-o--p

Range to calculate at
n + 1 points.

Figure 7-6 Schematic representation of the range to calculate distances between R, and P at n+ 1
points.

Table 7-1 Measured computing time and ratio with and without the technique to reduce calculation.
Various N were assumed.

N time,; [s]  timeregion [S] time,/time egion
1 x 10* 3.6 0.08 46
1x10° 395 0.9 439
3 x10° 3343 2.7 1257

7.2.3 HEREOFMEIERIC L WV R I HHREKE L OHER)

ZHVE TITAR O 38 2 R 03857 B o0 YRR K IC B9~ 2 5 03 72 S CU 5 [31, 40]. AHi Tl
WEINTWLARNTEINDI R L, KT LTV XA THLND KRR O 21T 5 729
MR Ol e 2 Fp o8 B A OE U7z, d 0 S BKIC 381 5 R O 1Ty a2 iR = & T

() = 1%;25@ + {;cosa& + usinaé (7-12)
np(§) = n;cosag + vsinaé (7-13)

TRIND. 272U Figure 7-7 \ZR T X912, (IEEEEEOT.LE 0 & LT, RGO S
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ThD. Fion FEEEOEITm, T RICRICEA L R T TH L. & ITEEEO T

v = é(j_z)f=o (7-15)

Thbh. alTMEZPR e EERER, BITRECL > TRELIEHTH A, ERITEEKOEIT=
AT %
(A) ZIE

2
n=ng {1 —%(szz) + Ba*($P4n?)? +} (7-16)

(B) helically exact distribution

Ny

n= 1 (7-17)
[1+a?({*+n?)]2
(C) square low profile
n? = ng[1—a({*+n?)], (7-18)
(D) meridionally exact or secant hyperbolic
n= nosecha\/m (7-19)

WZOWTHEPNETH LB -7 TH Y EFRUANDEITHRSAMITY TLE 2RAEL VDT
N e Ty BIEE G ERRBIRNCEB VT Y, INLORITERSAEEA LIk E T o7z,

W4 BT L=y 0 Ko YeRBER A Algorism A, AKE THEH L 7= LS R8I 1 0 ek
BEF 7 LAY X L% Algorism B & EFET 5. Algorism A, B (2B TE, n 2RO DI, (716,
n HRIOBAART MV EZRENC, HEE< &, Figure 7-8 128\ T

V=7J{C+nH, (7-20)
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cos6
C=| sinf (7-21)
0

—sinf
S =1 cosO (7-22)
0

THDHDTCESIZH LT [HirXE5 &

ey Gy + kyCyy + k5,
H = | kaCy + ksCy + keC, (7-23)
ey Cy + kgCyy + koC,

ky ky ks
<k4 ke k6>
k; kg ko

SZ(1—cosB,) + cosh,  S,S,(1—cosh,) — S,sinb, S,S,(1 - cosh,) + S,sinb, ( 7-24 )
= (SxSy(l —cosb,) + S,sind,  SZ(1 —cosb,) + cosf,  S,S,(1—cosb,) — stin9,>.
S,S,(1 —cosb,) — S,sinB,  S,S,(1 —cosb,) + S,sinf,  SZ(1 — cosh,) + cosh,
NEHEEND. 272108, =n/2TH5. Fi=
( =WC+ V() +V,C,, (7-25)
1 = ViHy + V,Hy, + V,H,,, (7-26)

EREDLDTINIRAT D ZETRED.

Figure 7-7 Schematic representation of &, ¢, and n. & is the direction of the optical axis. { is the
direction from the center of curvature to the optical axis. n is the direction perpendicular to the

& — ¢ plane. C isthe curvature radius.
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Figure 7-8 Schematic representation vector of V, C, H, S and angle 6.

B READ = 1.0 mm , §=02mm, n; =0.0mm & L7=EnR(7-12), (7-13), AlgorismA,
Algorism B T 5 3 7= YA O #LE % Figure 7-9 12759, Algorism A, Algorism B (2317 2 JE T3R5y
Fildfe b R7E D/ X )> - 72(B) helically exact distribution % V7= n FENTHE 120 TH DD TL ED
BAfRZ R L7z, Figure 7-9 [Z/R EN72 L 9 I TORME THMROBIEIT —F L=,

Iz Algorism B OFRZEZ RO 72O TR LEIZRBWTH(T7-12), (7-13)& Algorism B TZENLZE
LD JEPT AR 7-16 )~( 7-19 NTIBWTEE LI B E DDA ZRDT-. FHRERERE
Figure 7-10 {Z7~79". (B) helically exact distribution 73 & A{23/) & < (C) square low profile 23 & K =
Motz ZIUIC)BPEBOEEN VWi eEZExons. (A)ZERXITFHEEZITH) ZENT
XRVWOTEHEIEETOILE LTHEZToIE ZA2HETORLITHH(C)L Y HAIH/NE
< 72~ 7=. (D) meridionally exact or secant hyperbolic D JEHT3 7541 DALIL(B) & (A)DEToh - 7273,
D)RDFREIL T 3 T OERITIKTFT DO TREDORIET RV, E72TOREIRSAMAITIBN
TANT—EHIR TR 20 IR LR b E— 7 P REL o> THY, Al =0 mm OHiHIXIZ
IF—E L7, BB L CAID/ NS o= CTHE L TR 228 2 C Figure 7-11 (2 FH#5 L 7=,
(B) TIXATDFE D TR D BT RN L CHimE Th Y, N BETT DI THIERD
FOMIASETE R TN T Z R oTo. FHERZIT - #BHOE = 90 mm 135 K E S 1.0 mm,
HE2 30.0 mm & L COEMBREO+HSREITHY, Z 2BV THANE0.002 mm LR Th
0, SHIEROFREICKEREEL 50 EfEmwmOT b,

FHRICHWD B NRT A= —2 B S TR O 7 LT ) X LOREZFHIT 57280, K
TIY XL EDOMEDZEIHYET D

error = /({; — 0% + (; — ). (7-27)

ZEFLT, t=0.01, 01, 0.5, 10IZIBVTOD error [mm]& ENENRDZ. £AORELE
DETHR, 0L EMOSRMFITETHE Lz, Table 7-2 1I2ENENODt, AtIZEIT 5 error %
FLOELOETRT. BIVHAREL D L error L RELRDZ ERDMoT. ZHUTIERRMT
EOBRHANEDRIZERENKRELSRD I L HERT L. ERAUCI S THEERH Y, /&
WM Eerror H/hSNWZ ER o Te. DFE VR CHLE TH R 20T TR T 5 Z & TRaEZ /I
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SLKTHIENTED., BRIZITRWVR, tRHDIREREX 2D ETHEA LD error H3kKD
7oL ZAA =01 TE~68 mm(t =46)D & X error (£0.06 M EEETHY, KEWETH T,
—J7At = 0.0001 & LR Ut & & error (£0.005 mm LA F CTh o722 & bEVLERLE 2 HE
THBIALOBRTEITEETH D Z LW hoT.

0.45
0.40
0.35
0.30
0.25
0.20

015 1 1 1 1
0 10 20 30 40 50

§ [mm]

= Algorism A

—— Algorism B

¢ [mm]

— Exact ray path

Figure 7-9 Ray position of { along & gave by calculation of exact ray path, algorism A, and algorism B
with {; =0.2 mm, n; =0.0 mm.
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0.1500

0.1000

= 0.0500

£

< 0.0000
-0.0500
-0.1000

= helically exact
square law
= s5ech

==sech three terms

20

40 60 80 100
¢ [mm]

Figure 7-10 The difference of { between the calculation of exact ray path and algorism B with
different refractive index distribution with {; =0.2 mm, n; = 0.0 mm. Used refractive index

profiles were helically exact distribution, square low profile, meridionally exact or secant hyperbolic

distribution, and secant profile approximated as three terms.
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0.0010
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Figure 7-11 The difference of { between the calculation of exact ray path and algorism B with

helically exact distribution.
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Table 7-2 Position error with several At at ¢ =0.01, 0.10, 0.50, and 1.0.

Errors [mm]

At = 0.0001 At = 0.001 At = 0.01 At =10.1

0.01 1.7 x 10713 6.4 x 10713 4.6 x 10712

0.10 9.3 x 10710 1.7 x107° 9.0 x107° 4.6 x 1078
0.50 5.3 x 1077 6.2 x 1077 1.6 x 1076 9.7 x 1076
1.0 79 x107° 8.7 x 107 1.7 x 1075 8.8 x 1075

WP O F SR O B interval OR28E % F-<7-. D = 1.0 mm, At = 0.0001 & [#E L, interval
% 0.0001 mm, 0.001 mm, 0.01 mm, 0.1 mm & Z{bSETWE, t = 1.01231F 5 error 2 5H5A L72#E
% Table 7-3 (27”9, # LV interval DEIXIZ E A E error IZHEE 52202 L3 gnotz. 2
AUTIR(7-5) TR LIEE 2 ESELTATY XAICRNTHZ L7EEBEZLNDDT, FEE
] L7 Y ZALEMIIAEIRNT B 7T L& AW TEE LR R % Table 7-4 (279, ZOftod
FHEIEDLLRNED LT 5. 70d Table 7-4 123 T interval 23 0.01 mm Tl error OAEFHE A
Ty THEICIEE L TWeD Tt =1.00& 1.010OH[EfEE L7z, Table 7-4 X U error fE X interval @
WA KX <%, interval 28/ SV & X (interval = 0.0001mm @ & &) (X Table 7-3 £ [F L X 9
28% & o722y, interval Z KE K LTV I DL error b RE S 72 o7, KT interval = 0.1 mm
LD ENBBINRARETH -T2, Lo T, MER ET7 TV XA ZMAIATERIL interval D
(0.1 mm LU N CHBIZERE L TEL, MAAERWERL interval = 0.0001 mm LA F & 92 B
DL LMo,

S OICHFBPERCEE ZTZBED error Z3RH7-. t= 1.0 [ZBWVWTC =30 mm O & X error [T
3.6 X 1075 mm Th o7z, [AERIZC =50 mm O & X error [£7.9 X 1076 mm Th V K= B 55
RLlpolz. L LIRIERBEOMEE interval = 0.00001 mm 2B W CH&ELNTZ. AT LTY X
LADBREOFRZETHAUT interval 23/ NS 2 5 IC 2N TEDEIFMEMENHITT TH D, - T,
FEDOFKIFIAT LT Y AL TER BT RSMOERIZ L DRAEZLEZX D ENTE 5.

Table 7-3 Position error with varying intervals between optical axis pointsat ¢ = 1.0.

Interval [mm] Error[mm] at t =1.0
0.0001 7.9 x107°
0.001 7.9 x 107
0.01 7.8 x 107

0.1 54 x107°
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Table 7-4 Position error with varying intervals between optical axis points at t = 1.0 without
approximation for calculation of V,,.

Interval [mm] Error [mm] at ¢ =1.0
0.0001 8.1 x10°°
0.001 2.3 x 1075
0.01 2.8 x 10747

0.1 False trajectory

@D Error with interval = 0.01 mm oscillated by each calculation point. Therefore, the displayed value is the
averageof t = 1.00 and 1.01.

7.2.4 FHEREE OFMGERE U 7= 80 YeARIBEF & D)

B AFECTHI L2y 0 KB OERGERFCTH D Algorism A &, ARETCHLIA L7l A B &
L CHW = Algorism B OEHIE DI AT 7=, 2T T Y X ADORETHHVOFHE
PSR TRIZE 22504 (€ =30 mm, EJRIRERD = 1.0 mm, JEHTR5A0 ITfhxPric 2(4-6 )FIH,
AR 2 ANBHBrE o6 U CIRELICE = 0.2 mm, = 0.0 mm 7> 5 AK) TEHEZ1T-7-. £7- Algorism
A TR D MIE A RS, Algorism B IZH1T 2 M rEZREL LT, Lo« 7w X ko 300
DOFHAEZ & DD Z|RE — RB| &2 7475 error [nm] & L CEHli 24T~ 72, o N7-id7E Lt %%
Figure 7-12 (2R3, FHE XU 72 RE 21X 7.2.3 T HEAIER I/ N E Do 72, 7.2.3 HiTldt = 46 T error
= 0.005 MM FRE ThH ST NAHE Tldt = 64 FREE CTHEAIT 720K K TS error = 1.1x107°
mm B TH Y 1/4000 UL FICEAZERBE 26N TWD Z N hot=. Z 25 Algorism B £
DR Ot A BERIICER L2 2 & THEL LA IR AEHFEET, 7238 i T UifE
DFERBRITBIFTRSMOEPNC L > TELTZ B DE ST EnBEZbND. LX) ARETHR
REINTATERER N OB T L T AAIEELZ B2 D TICEITIND I BRI
7z

0.000002

0.000001

error [mm]

0.000000 ' '
0 20 40 60 80

Figure 7-12 Position error with t between algorism A and B.
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JEATIEIZ I 1T DR TR OB L CIERIEI TR0 Th 523, ZZTiEZnz v
THhHPED VI 2L —va v &aiT) HikzddR%., KO EEZ#ENICEX 286 %
P=[P,P,,..1& LTHEZIT- T, [A URICEREKD 2 KL EFET 5554, Figure 7-13
WREND L HIT, P=[P,P,y..], Q=[Qq,Qy .10 %L 5 ITHEWR K Z N E NIl DES 2 NE
T%. AUEEDOZT v 7 TP, QENLIUITENTR/NE R DHEELY,, LY. 2R, WH%E
L, /INSWHZELgin & LTVEFHETIUZ L.

F PR A LA R CES ST O ORI I TONR > T2D T, DT NIER K E L%
HRAEDELIMENDH T, FRIITERK A EM ST LRI E2MZ 5 2 LI K DERITKHS
T 5. Figure 7-14 |2 R T X QI ZOERY ORI #dE T 5.

Figure 7-15 (BB HT 3R 0 A BLE S K 3 AN EIRIE R A & > T D L E L 72X % 7~ Figure
7-15 OWEH OB WEIHRE, Zo7 AT XAEZFANTHBROBEZHAE LD THD. £0E
WA ED DA 2 T T DI O PIMINLE 2862 1A 2 C 3FEFAE Lz, @IFAH
L7z () OBt I8N T 281, OIEERE (K B8 L8R T 287, (O
B (R) 1B HIETAETARIRENTWS. ITRENE X 9 ICEERIanIZ iR
DARER L TWOER M A ITERT L2707 T LEERTH 2 N TE .
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Figure 7-13 Schematic representation of two waveguides in ray tracing.

A
\/

Figure 7-14 Cross-section of double spiral structure. Overlapped length was d.
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(@) (b) (©

Figure 7-15 Schematic representation of ray trajectory in triple helix waveguide. (a)Ray propagated

to blue fiber. (b)Ray transited to gray fiber. (c) Ray transited to red fiber.

74Ny I 2 b— a3 & B45IEROTH]
7.4.1 3D E R

SIEHEDOTRELLF O X 2 € L. BIRIXEBROMH 25 2 CRIEICOI ATEER b DR
FLWA, ERROZFEMIFETLE S L EICHT 2EMEENLE LRy, SlkXE
THIBTED T 7 A NR—=IZR DT W FORBENRE 2 s, EERC 2 KD POF 12 U - THyli
ZITH & 2 EEDORIC R 57272, V2 b—3 2 U THEMRRER D AF L 2 HIR6E
HETE CHEAR L IFONEARRIC R DR TIT O B L L. RED Y I 2 b—r 3 V2BV T,
BOERKEREZD =1.0 mm, 77 v NEIRWnb o & RE L7z, Figure 7-16 IZTBIR & XT A —%
—DEFRERT. BIEFRONR T W EEAETE U 360°M (M 55 L Lz, &FERIROABLD
REZTHY T HREEgE LETOES L&

L= |—+12 (7-28)
g

L7 HFBIEDEE S IR L TORESTH VI =50 mm &{E L7z, Figure 7-16(a)ixg =2,
T = 103G Z /N2 DO TH Y, Figure 7-16(b)ixg = 4, T = 200K E /W= b D TH H.
T5& E?Jjﬁ#ﬁ/érhe]ix [N

Thelix = — % (7-29)

Th Y, BHEIR ORI EE R K SHIX
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H = 2mhye1ixgT (7-30)
Thn. Lo THEK1IADRSWIT

W = 2L 4 2aneiixy/1 + g2T2 (7-31)
ERHEEND. AR OEN A Fiber 1 &EFR L, /IO % Fiber 2 LEFR LIz, it

200000 A% AT K L TR HIC T o 5 A 7ehr I AS S 4 Fiber 2 75 5 HS 2 E14 %]
B AyIER & e LT

(a)

Figure 7-16 Schematic representation of contact light splitting.(T =1,g =2, (b)T =2, g = 4.

7.4.2 BIBPTERSMAEWR B L AV S EROFHE
oyl b E 7 ) Fd DBt

Fiber 1, Fiber 2 & & IZRBHTHRGAN TR KR4 150, EHTHEAEdn =002, T=1, g = 4, &
WA DIESTHEEZ 1.0 LIEL, 77 A NN—DER Y RdZZb ST RBOLNIGEEHE L L 2
A Figure 7-17 D X 51272 o7, SpUR 3RO EIFH TdIZ X » CTEMBERIZH D Z L3y, &
WK DTRDZAL (ALY DIRE) INERICKRESEEE 522 2 LN nholz.
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Figure 7-17 Relationship between transition ratio and overlapped length d.

Syl &R U Y [EIE T OBIfR

WIZd [mm] = 0.01, 0.03, 0.05 ® 3iHV IZONTRU Y BT EEL S TN LA AT 72,
Figure 7-18 |12 LN/ R 21T . TR KE < 2o THAIZ DWW TIIERFREE O LI BFR 3 HERE X
NDZEPRENT. FdPRENE ZT =8 £ THEHMBARIZH VA =001 mm TIETHREL 7R

HEDOTNEE /NI L R DINRICHEDN D 2 ENREBEINT-.
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Figure 7-18 Transition ratio of light with T (d [mm] = 0.01, 0.03, 0.05, g = 2).

Gy IR & dn D BGR

I OE Y EAd =0.03mm ZEE L, BITE%Edn = 0.01,0.02,0.03 & L7zBEo5gsk LT
DORAfR % Figure 7-19 (2R3, (I Ddnil BN THETOTIZE W TURIERBEO IR TH - 7=,
PLEX D dnidmis = RICEBLE 5.2 700, IHEBEZ 52 5dnOREINERLEEZEZOND. K
HEEITEITRZEIC L W B> TH HMBED L7272 08 B2 B L T D8RI A 5 6

FRONLTeDELEZLND.
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Figure 7-19 Transition ratio of light with T (dn = 0.01, 0.02,0.03, d =0.03 mm, g = 2).
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FIRDZALRFERNNT R DM, BUBHTRAT TIEIIMANTHE T 7= D TR D ELIC X D BT K
Xl nEEBEZOLNRD.

8
—_ 6 o g=2
8 6 o 4
© & o A 9=
cd 4 <
2 8 ¢
e <o
©
s2r 8

O 1 1 1 1

0 2 4 6 8 10
Twist times

Figure 7-20 Transition ratio of light with T (g =2, 3,4, d =0.03 mm, dn = 0.02).
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Figure 7-21 Transition ratio of convex Gl waveguide with T (g =2, d =0.01 mm, dn = 0.01, 0.02,
0.03).
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Figure 7-22 Transition ratio of convex Gl waveguide with T (g =2, 3,4, d = 0.03 mm, dn = 0.02).
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Figure 7-23 Transition ratio of light with T (g= 2, d = 0.01 mm, dn = 0.02). Convex Gl
waveguide and negative Gl waveguide is shown.
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Figure 7-24 Transition ratio of light with T (g =3, d =0.03 mm, dn = 0.02). Convex Gl waveguide
and negative GI waveguide is shown.
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Figure 7-25 Transition ratio of light with T (dn =0.03, g = 6,d = 0.03 mm). (a)lncident light
was set in N-GI waveguide. (b) Incident light was set in conventional GI waveguide.
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Figure 7-26 Transition ratio of light with T (dn =0.03, g =4,d = 0.03 mm). (a)lncident light
was set in N-GI waveguide. (b) Incident light was set in conventional GI waveguide.
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Figure 7-27 Transition ratio of light with T (dn =0.03, g = 2,d = 0.03 mm). (a)lncident light
was set in N-GI waveguide. (b) Incident light was set in conventional GI waveguide.
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Figure 7-28 Transition ratio of light with T (dn =0.01, g = 4,d = 0.03 mm). (a)lncident light
was set in N-GI waveguide. (b) Incident light was set in conventional GI waveguide.
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Figure 7-29 The ray position analysis by ray tracing. Color shows starting ray position of each ray.
(a)Starting ray position in fiberl, (b)Output ray position from fiber 1, (c)Output ray position from
fiber 2, (d)Corresponding ray to (c) in (a).
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(© (d)
Figure 7-30 The position of rays on input cross-section that transferred fiber (@) T =1, (b) T = 2,
()T =3,(d) T =5).
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(b)

(c) (d)
Figure 7-31 The position of rays on output cross-section of fiber 2 (a)T=1, ()T =2, ()T = 3,
(d) T =5).

(@) (b)

(© (d)
Figure 7-32 The position of rays on output cross-section of fiber 1 (N-GI waveguide, () T = 1,
()T =2,(c)T=3,(d)T =5).
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Figure 7-33 The positon of input rays that transferred fiber (N-GI waveguide, (a)L =5 mm,
(B)L=6 mm,(c)L=7 mm, (d) L =10 mm).

(d)
Figure 7-34 The positon of input rays that transferred fiber (N-GI waveguide, (a)d =0.01 mm,
(b) d = 0.02 mm, (c) d =0.03 mm, (d) d = 0.05 mm).
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Figure 7-35 The positon of input rays that transferred fiber (N-GI waveguide, (a) dn = 0.01,
(b) dn =0.02, (c) dn = 0.03).

Figure 7-36 The positon of input rays that transferred fiber (N-GI waveguide, (a)g =2, (b) g =4,
(c) g =6)).
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Figure 7-37 The positon of rays on output cross-section of fiber 1 (Gl waveguide, (@) T =1, (b) T = 2,
()T =3,(d)T =5).
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Figure 7-38 The positon of rays on output cross-section of fiber 2 (Gl waveguide, (@) T =1, (b) T = 2,
()T =3,(d) T =5).

Figure 7-39 The positon of input rays that transferred fiber (Gl waveguide, @) T =1, (b)T = 2,
()T =3,(d) T =5).
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