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HES, T 1.438445842 — j9.929 x 107 2.2 x 10! 2.5 x 10 9.6 x 1071°
TMo T 1.438366726 — j1.374 x 107% 4.9 x 10* 3.7 x 10*2 7.7 %1078
4 TEo T 1.438585801 — j4.986 x 10~7 7.9 4.1 x 10** 5.1 x 10710
HE%, T 1.438445842 — j9.929 x 1077 7.8 4.0 x 10'* 3.0 x 10710
HES, T 1.438445842 — j9.929 x 107 7.4 4.2 x 10™ 2.7 x 10710
TMo1 T 1.438366726 — j1.374 x 1076 8.0 1.2 x 103 2.0 x 10710
Spurious 1  1.438675258 + j9.790 x 10~* 1.1 x 10 5.9 x 10* 8.0 x 102
Spurious 1.443969202 + j8.040 x 10~2 1.3 x 10 1.6 x 10* 4.2 x 103
Spurious 1.434094692 — j2.993 x 10~2 1.7 x 10 2.8 x 10! 1.8 x 103
Spurious 1.435910897 + j1.492 x 10~2 1.0 x 10 1.6 x 10! 4.2 x 103
8 TEo T 1.438585801 — j4.986 x 107 7.9 2.5 x 1014 6.5 x 10710
HE%, T 1.438445842 — j9.929 x 107 6.0 4.2 x 10 2.6 x 10710
HES, T 1.438445842 — j9.929 x 107 6.4 x 10" 1.7 x 104 6.5 x 10710
TMo1 T 1.438366726 — j1.374 x 10~° 4.5 9.5 x 10*4 3.2x 10710
Spurious 1  1.438588176 — j6.478 x 10~* 1.5 x 10** 1.1 x 10? 1.0 x 103
Spurious 1  1.438785890 + j6.734 x 10™* 1.3 x 10** 7.9 x 10 6.5 x 102
Spurious 1.439379364 + j4.464 x 1072 3.9 x 10** 7.1 x 10! 5.3 x 102
Spurious 1.438983657 + j4.337 x 1073 3.7 x 10** 1.4 x 10! 2.3 x 103
Spurious 1.437693668 + j1.698 x 1073 2.1 x 10** 2.9 x 10* 1.4 x 10®
Spurious 1.438701618 + j1.593 x 1073 2.2 x 10** 3.6 x 10* 9.1 x 102
Spurious 1.438497563 — j1.033 x 1072 3.1 x 10 7.5 x 10! 7.2 x 102
Spurious 1.438485060 — j1.090 x 10~2 3.0 x 10 7.2 x 10" 7.6 x 102
Spurious 1.438518755 — j1.088 x 102 2.6 x 10 7.2 x 10! 6.8 x 107
Spurious 1.438518897 + j1.143 x 1073 2.7 x 10** 5.1 x 10} 7.3 x 102
Spurious 1.438478805 + j1.091 x 1072 2.7 x 10** 5.4 x 10} 8.2 x 102
Spurious 1.438501215 + j1.078 x 10~* 3.0 x 10** 5.4 x 10* 7.7 x 102
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0340000000 SSMOL=1000000000000000

M Mode r Neff Cy cond([T'(v)]) Residuall|[T(7)]{b}||2

2 Spurious 1 1.438569696 + j1.155 x 10~° 2.7 x 10' 2.6 x 103 1.8 x 10?
Spurious 1.438384277 — j1.804 x 10™° 1.8 x 10* 2.7 x 103 9.1 x 10*

4  TEn T 1.438585801 — j4.986 x 1077 2.3x10° 7.0x10" 8.9x107"
HE$, T 1.438445842 — j9.929 x 1077 3.4x10? 1.1x10" 1.0x107°
TMoz1 T 1.438366726 — j1.374 x 107%  2.8x10? 3.9x10*" 7.4x1077
Spurious 1.434671744 + j1.076 x 1072 4.4x10'3 3.9 2.7x10%

6 TEo t  1.438585801 — j4.986 x 10~7  5.3x10? 3.5x 10" 1.8x1076
HE%, T 1.438445842 — j9.929 x 10°7  1.3x103 5.9x10° 2.0x10°°
TMo, T 1.438366726 — j1.374 x 1075  6.2x10? 2.1x10" 1.4x1076
Spurious 1t  1.438619086 — j7.903 x 10~*  2.5x10'® 9.1x10! 1.5x103
Spurious 1.438389654 + j1.066 x 1072 2.1x10'3 5.5%10! 2.2x103
Spurious 1.441003255 + j5.779 x 1072 5.3x10'3 1.5x10" 1.1x10*

O035000000000000
SSM Broyden method [38]
Mode r® Neff C cond([T'(y)]) Residual||[[T'(y)]{b}/]2 Group Neff
HE{, T 1.445395346 — j3.151 x 107 9.0 1.4 x 10'° 2.4 x 1071 1 1445395345 — 3.15 x 10-°
5 - < - . X

HE}, t 1.445395346 — j3.151 x 1078 6.5 1.6 x 10*° 2.0 x 10719 1 J

Spurious 1 1.445590201 + j4.962 x 10~* 1.2 x 10* 4.0 x 10? 8.1 x 10* 2

Spurious T 1.445584295 — j8.914 x 10™* 1.2 x 10%* 2.8 x 102 5.8 x 10* 2

Spurious  t  1.445364564 — j8.019 x 10~* 1.5 x 10'* 2.3 x 10% 1.2 x 10? 2

Spurious 1.442541064 — j6.385 x 10™* 1.5 x 10 4.4 x 10t 1.2 x 10° 2

Spurious 1.444754414 + §1.207 x 1073 9.1 x 10*® 1.5 x 102 2.1 x 10% 2

Spurious 1.445348359 4 j1.029 x 1073 1.4 x 10* 2.6 x 102 8.6 x 10* 2

TEo: t 1.438585801 — j4.986 x 1077 7.9 4.1 x 10" 5.1 x 1071 1 1.438585801 — j4.986 x 1077

HES, t o 1.438445842 — j9.929 x 1077 7.8 4.0 x 10 3.0x 1071 1 ) r

; s . 1 1o 1.438445842 — j9.929 x 10

HES, T 1.438445842 — j9.929 x 10 7.4 4.2 x 10 2.7x 10 1

TMo1 t 1.438366726 — j1.374 x 107° 8.0 1.2 x 10'° 2.0 x 10710 1 1.438366726 — j1.374 x 107°

Spurious  t  1.438675258 + j9.790 x 10™* 1.1 x 10** 5.9 x 10 8.0 x 102 2

Spurious 1.443969202 + j8.040 x 102 1.3 x 10 1.6 x 10! 4.2 x 10% 2

Spurious 1.434094692 — j2.993 x 1073 1.7 x 10™ 2.8 x 10 1.8 x 103 2

Spurious 1.435910897 4 j1.492 x 103 1.0 x 10 1.6 x 10* 4.2 x 10% 2

HE;; t 1.430414041 — j2.218 x 107> 1.0 x 10* 1.7 x 10*° 2.9 x 10719 1 1.430175 — 5j2.22 x 107°

EHY, t1.429969412 — j1.577 x 107° 7.4 2.0 x 10™ 5.5 x 10710 1 . ) s

h s s L 14 10 1.4299694 — j1.577 x 10

EHY, T 1429969412 — j1.577 x 10 3.6 x 10 2.1x 10 5.7 % 10 1

HE;, t o 1.429255296 — j9.337 x 107° 3.6 5.4 x 10™ 2.2 x 10710 1 1.429255296 — j9.337 x 107°

Spurious 1.429737661 4 j4.251 x 1072 1.9 x 10** 8.0 8.6 x 10° 2

Spurious 1.431123334 +j1.205 x 1072 2.0 x 10" 2.6 x 10" 3.5 x 10° 2

Spurious 1.429980552 — j1.585 x 1073 2.9 x 10 3.9 x 10 3.0 x 10% 2

Spurious 1.429867003 + j1.117 x 1072 2.1 x 10 3.3 x 10" 3.4 x 10° 2

39



(b) HE}, DDO

0311000000000 0DO00b00O00 200000

40



% -1 0 1
xId

(b) DSM

03.120 HE;; 0000000 200

41



(b) DSM

03130 TMyp, DOODOOOO 200

42



03.60 HEG, 000000000 n%, 0 n,, 000 N,0OO

Re{ngff}

Im{ngff}

|Re{ngff _anfH

|Im{ngff - nsz}|

o

16
32
64
128
256

1.43844617324908
1.43844584209351
1.43844584209345
1.43844584209345
1.43844584209345
1.43844584209345

-7.68013554030336x 107
-9.92872363517664x 1077
-9.92872348449118x 10~
-9.92872348431689x 107
-9.92872348383443x 1077
-9.92872348420888x 107

3.53x1074
9.37x10712
2.03x10713
1.55x10713
1.64x107*3
5.33x107 14

3.85x1074
1.32x107 11
1.96x10713
1.53%x10713
1.57x10713
5.68x 10714

16
32
64
128
256

1.43844584235900
1.43844584209345
1.43844584209345
1.43844584209345
1.43844584209345
1.43844584209345

-9.93501136013654x 107
-9.92872348434856x 107
-9.92872348467995x 107
-9.92872348473599x 107
-9.92872348533279x 107
-9.92872348404375x 107

7.23%x10710
2.22x10716

o O O O

7.03x1071°
6.68x107 '8
3.54x107 17
4.04x10717
1.04x10716
3.35%x107 17

16
32
64
128
256

1.43844584233805
1.43844584209345
1.43844584209345
1.43844584209345
1.43844584209345
1.43844584209345

-9.93098051612578 x 10~ 7
-9.92872348195993x 107
-9.92872348473795x 1077
-9.92872348366740x 107
-9.92872348252713x 107
-9.92872348462600x 107

6.86x1071°
2.22x10716
2.22x10716
2.22x10716
6.66x10 16
2.22x10716

5.42x1071°
2.13x10716
5.46x10717
6.03x10~ 17
1.57x10716
2.38%x10717
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Mode r Nefy Cy cond([T'(y)]) Residuall||[T(y)]{b}|]2
HE$, T 1.445395346 — j3.151 x 107%  4.5x10* 5.6x10' 1.5x107°
HE}, T 1.445395346 — j3.151 x 1078 3.0x10" 1.2x10"8 9.2x1071°
TEo1 T 1.438585801 — j4.986 x 1077 2.6x10? 2.4x10" 1.8x1078
HEY T 1.438445842 — j9.929 x 1077 3.0x10? 2.8x10'3 8.0x107°
HES, T 1.438445842 — j9.929 x 1077 6.4x10? 2.0x10'3 1.2x1078
TMoz f  1.438366726 — j1.374 x 107°  1.1x10? 3.5x10" 8.3x107°
HE3, T 1.430414041 — 5j2.218 x 107°  1.4x10? 3.8x10" 1.1x1078
EH{, t 1.429969412 — j1.577 x 107°  9.1x10" 2.0x10* 1.7x107°
EHY, T 1.429969412 — j1.577 x 107°  1.8x10? 3.6x1013 6.1x107°
HE5, T 1.429255296 — j9.337 x 107¢  6.2x10" 5.1x10' 1.4x107°
HE$, T 1.426891656 — j3.517 x 107> 2.6x10" 2.0x10' 2.3x107°
HEY, T 1.426891656 — j3.517 x 107> 2.0x10* 2.1x10% 1.2x107°
Spurious 1 1.435404169 + j9.516 x 1073  8.6x10™ 4.4 1.4x10%
Spurious 1 1.435762105 + j7.594 x 1072 9.7x10™ 5.5 1.3x10*
Spurious 1 1.435887637 + j6.066 x 1072  6.8x10™ 6.7 1.2x10%
Spurious 1 1.436283823 — j8.025 x 1072  1.7x10™ 2.4%10? 1.5x102
Spurious 1  1.442258732 + j1.231 x 107% 1.2x10% 3.5x10* 3.5x103
Spurious 1  1.435805121 — j6.313 x 10~* 1.0x10% 2.3x10! 3.3x10°
Spurious 1.440039344 + j1.895 x 1072 1.2x10"° 2.5 5.7x10%
Spurious 1.438628112 + j1.325 x 1072 9.1x10'* 3.8 2.8x10%
Spurious 1.442701139 + j1.216 x 1072 9.7x10™ 5.7 2.2x10%
Spurious 1.437140751 + j1.059 x 1072 7.1x10"* 4.5 1.7x10*
Spurious 1.444674731 — §1.200 x 1072 2.6x10™* 4.8x10% 2.3
Spurious 1.448227650 + j6.019 x 10~*  3.1x10™ 3.2x10* 5.6x10
Spurious 1.439765453 — j1.037 x 1072 1.7x10'? 3.1x10% 9.6
Spurious 1.439787142 — j1.032 x 1072 1.9x10"'? 5.6x10% 7.9
Spurious 1.442467816 — j8.435 x 107*  3.6x10° 5.7x107 6.2x1073
Spurious 1.442450805 — j8.421 x 107*  1.1x10® 1.4x10% 1.3x1073
Spurious 1.442513175 — §8.379 x 107%  1.6x10°® 8.4x10° 4.1x1074
Spurious 1.442513176 — j8.379 x 1072 1.3x10® 2.5%x108 8.3x1074
Spurious 1.439166614 — j9.808 x 1072 8.5x10* 3.2x10" 1.8x107°¢
Spurious 1.439166614 — j9.808 x 1072 6.2x10* 3.2x10"2 3.9%x1077
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0.005
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Re{n eﬁ}

03140 SSMOO0ODOOOODODOOOOO

45



0 3.80 HE%DDDDDDDDDDngﬁD nszDDD N, O0OO

L Ns Re{n¢;s} Im{ng;;} [Re{ng;s — ngff}| Tm{ng;; — ngffH
2 64 1.43846756509428  -4.26999807062678x107° 8.35x10~* 8.75%x1073
128  1.43844561377347  -8.45083123575611x 107 6.51x10~* 5.37x10~*
256 1.43844590166850 -9.49917946719141x10~ 7 5.97x1078 4.28%x1078
512 1.43844584209679 -9.92874526646277x10~ " 2.03x10710 1.08x107°
4 64 1.43844587315592 -1.01019518297310x10° 4.81x1078 1.20x1078
128 1.43844584209332  -9.92872622695972x 1077 5.33x10715 3.06x107'3
256 1.43844584209339  -9.92872317588776x 10" 6.84x107 14 3.81x107 14
512  1.43844584209346 -9.92872352113842x10~ "7 4.66x1071° 1.20x10 1
8 64  1.43844584209375 -9.92872060088400x 1077 5.91x10713 4.42%x10713
128  1.43844584209344 -9.92872345820167x 107 9.55x10715 3.13x10715
256 1.43844584209345 -9.92872349958413x10~ 7 4.22x1071° 1.35x1071°
512 1.43844584209345 -9.92872358261832x10~ " 2.89x10715 1.40x107
16 64  1.43844584209344 -9.92872343080071x10~ " 2.46x107 14 5.46x10715
128  1.43844584209345 -9.92872348377422x10~7 2.22x10716 1.77x10716
256 1.43844584209345 -9.92872346477299x10~7 8.88x10716 1.78x1071°
512  1.43844584209345 -9.92872348750235x107 1.55%x1071° 5.57x107 17
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Re{ n eff}
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421 0DOOOOOOO
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00000000000 M, 0 640000SSMOO0O0O0O000OD000 p/ky=0100000
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04100000000 4/ko, K

(a) koa = 3.0943817, o/ko = 1.2, p/ko = 0.1
HTFEM Analytic

Mode Y1/ ko F Ya/ko
TEo1 T 1.26175 4 j5.15948 x 10~17  4.13 x 10~2 1.26175
TMo1 T 1.19173 — j3.03396 x 1016 3.56 x 1072 1.19173
HE2; t  1.19173 — j1.16663 x 10~1*  1.24 x 10~° 1.19173
HE2; T 1.19173 4 j3.42619 x 10715 2,53 x 10~5 1.19173

- T 1.27748 + §1.14703 x 1072 1.73 x 10~30 -

- T 1.22155 4 j1.71083 x 10~2 1.58 x 10730 -

- 1.18852 + 52.33648 x 10~1 7.80 x 10—31 -

- 1.07439 + j6.01875 x 10~3 1.14 x 10—2° -

(b) koa = 3.6870863, o/ko = 1.12, p/ko = 0.1
HTFEM Analytic

Mode 41/ko F Ya/ko
EH11 T 1.12156 — §1.22282 x 10~ 1.04 x 10~ 1.12156
EH1 T 1.12156 — j7.42678 x 10715 2.22 x 10~ 1.12156
HE12 t  1.03665 — j1.62447 x 10~ 1% 1.62 x 1075 1.03665
HE12 t  1.03665 — §1.29023 x 10~ 2,02 x 1073 1.03665
HE3:1 t  1.03665 — j1.28905 x 10~ 16 6.26 x 102 1.03665
HE3; t 1.03665 — j1.73553 x 10~14  2.24 x 1075 1.03665

- T 1.09302 — j4.96942 x 10~2 6.182 x 1030 -

- 1.22255 — j4.11396 x 10~2 1.21 x 10—29 -
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000 Multipole method 00000 neg 0000 1430414041 000000 380000 DO
0 1430175000 HTFEMODOOOODOOOODODOOO0OOOO (12000000 Multipole
Method[38]0 Vector FDM-ABC[11)0 0000000000

kod = 7/0.1550 /&, = 1.45 00 DHE,0HE}, 000000000000 43000000
[I[ISSMDDDDDDDDp/k0:10_4D0/k0:1.4448DDD[IDD[I[ID —doooooon
00SSMOOODO0O0D00O00O0O0O0O0O0O0O0000 HTFEMOOOOOOOOOOOOO (3.16)
O /{OO0ODOODOOODOODOOODOOODOD KHODDOODOOD /HROODOOODDOO
OO0 58] 000000000000 DO00LO0ODO00OD0DO00OLD0ODOO0OD0ODOODOODOO
COMSOLUOOOODOOOO 43000000000000000000D0O0OO00OOOOO0O
48000 1/40000000 [5|00000ae, =81d000000000000O0OO0OPerfectly
matched layer:PMLOOO00000000O06d <r <ae 0 PML OOOOOPML scaling factor
0O 20PML order 0 10000r 000 coordinate stretching variable O

Sr:47r(1—j)(r—6d)
2.1dko+/E,

00000 22000000000000000000000000000OC0O00DO0OC O000DOFO
0000000000000000 HTFEMODOODOO 521280COMSOLO0OOL1/400000
O0000000000064461 0 6402100000 4.3 000HTFEM O COMSOL OO OO
000000O00oDOOo TO000bOO00b0bOOoOooOoOoa

0 4.904.100 kod = 7/0.1450 \/6, = 14500000 HE;; 0000 TE, 0000000 2
O00D00O00O0O0DO0OHTFEMO COMSOLOOOOOOOOOOODOOOOOOOOO
0 -2d<z,y<2d0200x20000000000000000000000000000O 50
0000000000000 000000 4300000000000HTFEM O COMSOL O
ggoooooooobobobooboboobbbdddooooooooboboboobooboooboooo
ggoooooobobobobooobobootbddooooooobbobbbbobooo
Oooooooooooooobobobobobooon

0 4110 kod = 7/0.1550 /&, = 1450000000 2000 HE4OHE, 000000
000 Ref{neg} 0000000000 000000000 [5)000000000000000
00000000001/40000000000000000000O00 HTFEMO MO xOO
COMSOLO D AUODODUOOOUOODOOODHTFEMOOOOOOOOOOOOODOOOOOOOO
00 HTFEMOOOOOCOMSOLOOOO [5|000000000 1/400000000000
0000000000000 0000000000000 1170740 HTFEM OODOO O 126029
0 COMSOLOOODOOOOODODOODOODODO YO00000O0O0OOHTFEMOODOOOOOOODO

(4.1)

61



00000000000000000000000000000000000000000000
D00000000o000

0 4120 kod = 7/0.1550 /&, = 1450000000 2000 HE4OHES, 0000000
00 Re{neg} 000000000000 DDOOO0ODDODOOOOODOOOOOODOOOOO
0000000000000000 3000000000000000000004000000000
HITFEMOOO0OO0OO0O0O0000000000003000000 7000000000 HTIFEMOOOO
04120000 107000000000000

041300000 Si0.[101] 0000000000000 0000000000000O0
HTFEM O0OO00ODO 52128000000SSMOOOOO0 p/keOo/keDMOLOOOODODODOO
00000000000000000 [12]000000000000TEqe0TMy0HE,;0HE;;
00000000000000000000000000000 HE4OHE,OEHYOERS, OO0
O0000 [12]0000000000000 4200000000HTFEMOOOCOOOO [12]
00000000000000000000000000000000000000000000
Ooo0o

62



042000000000000000 neg,0kod = 7/0.1450

HTFEM

FEM][12]

Multipole Method|[38]

Vector FDM-ABC]11]

HE%,  1.4453953—33.19x1078  1.4453935—54.11x1078 ] ]
] 1.4453953—53.15x1078  1.4453954—53.07x 1078
HE}, 1.4453953—353.19x107%  1.4453931—354.12x1078
TEo; 1.4385838—35.31x1077  1.4385760—53.97x1077  1.4385858—;4.99x 1077  1.4385890—;5.43x 1077
HES, 1.4384450—359.72x1077  1.4384419—57.13x10~7 ) ]
1.4384458—379.93x1077  1.4384442—59.62x1077
HES,  1.4384450—39.72x1077  1.4384376—37.11x10~7
TMo; 1.4383648—51.41x1076  1.4383622—51.03x1076  1.4383667—;1.37x1076  1.4383643—;1.38x 1076
HE}, 1.4304079—352.15x107° 1.4303848—352.25x107°  1.430175—;2.22x107°
EH¢,  1.4299564—371.59x107°  1.4299517—51.67x107° )
1.4299694—351.58 x 10~
EHY,  1.4299564—51.59x107°  1.4299459—51.68x10~5
HEg, 1.4292498—58.73x107°  1.4292608—59.17x107°  1.4292553—59.34x10~6
043000000000000000 ne, 0 kod =7/0.1550
HTFEM COMSOL
Whole cross section Quarter cross section Whole cross section
DOF 52128 644610 PMLDO 64461 64021 O
HE¢,  1.44476742—54.21430062x 1078  (2.51 x 1072 1.44476722—54.11996394 x 10~8  1.44476719 1.44476668
HEY, 1.44476742—54.21430062x 1078 (3.92 x 1072 1.44476722—54.11996761 x 10™8  1.44476719 1.44476668

1.44607428+53.21159451 x 107
1.44610146+54.51839704 x 10~6
1.44451291+58.59158003 x 107
1.44451516454.89098973 x 10~ 7
1.44509009—51.34127797 x 1077
1.44508935+751.39800745 x 106

( )
( )
(8.70x 10~26)
(7.15x10726)
(3.99x 10726)
(2.19x10726)
(2.02x10729)
(4.63x10727)

63



2 -1 0 1
xId

(a) HTFEM

x/d

(b) FEM

0490 HE,; OODOOOOO 200

64



(a) HTFEM

% -1 0 1 2
xId

(b) FEM

04100 TE,y, 0000000 200

65



1.444770

=71 444765
QO
2

& +' HTFEM(Whole cross section)

I'I Q" COMSOL(Quarter cross section)

| % COMSOL(Quarter cross section
I with PML)

I = €~ FEM[5]

I

% COMSOL(Whole cross section)

5 10 13
Total unknowns X 104

1.4447760
0

0411000000000 Re{neg} 0000000

66



10
-10
10 - © ~FEM[5]
-~ @ COMSOL(Whole cross section) ;
% COMSOL(Quarter cross section) -
—85— COMSOL(Quarter cross section with PML) —
—®— HTFEM(Whole cross section)
10

0) 5 10 1 %

Total unknowns X 10

041200000000000 Refneg} 00000DOOODO

67



Re{n.g

Attenuation[dB/cm]

(a) DODOD

10 ‘ ‘

HES A pH B8 AGHTFEM S FEM(12]

1()_4 - HE; -*- HE), © -T™M HEgl
0.4 0.6 0.8 1 1.2 1.4 1.6

Alpm]

(b) 0DOODOODO

041300000000000000O

68



43 0O00O00O0OODOODOOODOOOO HTFEEMOOOODOO

047000 00000000000 000O0COO0OO0DO0O0OO a3 =08d0ay=2d00
00422000000000000000000000000000O00OOOODOOOODO 1/4
000000 1/12000 HTFEMOOODOOO422000000eform00000000O00O0
00000000 Q00 22000000000000 O, 00000000000000
goboooo

431 1/4000000
¢=00y=0020000000000000041400000000 (r<a0a; <ap D
D00<¢<n/20a, <r000000<¢<n/200000N0I,00000000 D,000
0000000000 M.0 M,=4D,00000000000000000000 IOl,OO
0000000000000004D,000000000000000000000000000
00000000000 HIFEMOOOOOOOOOOOOO00000000000000000
00 I,0l,O0O0OOOO04D,00000000000000000 M,=4D, 0000

0 440 kod = 7/0.1450/, = 1.450D, =18 000000000000 neg(= 4/ko) 00O
000000000 [12]0 FEMOOOOOOO00000000000 2,y000000000
00000D0D0000000000 HTIFEMOOOOOOOODOO0000000 [12]0[38]0
000000000000000000 (121000000 Multipole method[38] 0000000
0000000 [12]0 HTFEMOOOOOOO0O000000 (1200000000000 100
00 450000000000000000000000000000000000000000
000000000000 000000 HIFEMOOOOOOOOOOOO0O000000000
0070000000 400000000000 41504.160 HE,; 0000 TMy; 00000
00 0000001/400000000000 HIFEMOOOOOOOOOO0OO0OO0O00000
00000 —2d<z,y<2d0200x200000000000000000000000000
00 700000000000000000C0000000C0O0000000000000000
0000000000000 000000000000000000000000000000
0000000000000

000000000000000000 Si0,[101]00000000000000000000
0000D00000000000417000004.17()00000000000000000
0[12]000000000 4.17(b) 00000 TEy,OTMyO0HE,OHE;; 000000000
00000000000000000000 HE4OHE OEHY,OEH?, 0000000 [12]0
00000000000000 (120 HTIFEMOOOOO0O000000000000000 [12]
00000000000 10000 4500000000000000000000000000
000000000000 00000000000000000000000000000000
00000000000 Re{neg} 000000000000000 kod=n/0.1550 /&, = 1.45

69



04140000000000 HTFEOOOO1/4000

0000000200 HE4OHE,, 000000000000 4180000000000000
0000 HITFEMOOOOOOOOOOOO0O0D00000000000000 HTFEM OOO
00000000000000000000000000000000000000000000
00000000000000000000000 HTFEMOOOO 1/40000000000
COMSOLOO000000000000O0O0O0 7000000000HTFEMOOOOOOOO
00000000000000000000000000000000000000000000
00000000000000000000

041900 4180000 HE4OHE,, 000000000000 Re{nes,1 }ORe{neg2} OO
0000000000000 00000000000000 HTFEMOOOOOOOOO0O000O
000 HTFEMOOOOOOD 1/40000000000 HTFEMOODOO0O0O0000000
000000000000000000 15000000000000000000000000
00000000000000 COMSOLOOOOOO0OO000O000000000000000
00000000000000000000000000000HTFEMOO000O0000000
000000000000000

04.200000000000000000000000 OIntel® Xeonn 00000 3.47GHzZ0
6000120000000 9GBOO0000OSSMOOOOODO0000O0O0O0DO000
00 [T(y)])"}V]0000000000000000000 PARDISOOOOOOOO000O1/4
0000 COMSOLO 6 D0HTFEM OOOO00 400000000000000 1.101.00
00000000000 COMSOLOOO HIFEMOOOOOODOOO00000000000
00000000000 COMSOL O 926090 HTFEM O 13014 0 0 DOHTFEM 000000

70



COMSOL O 18000000

432 0000000O0OO0O0OOOO
00000000—0000000000000 & =145000000000 kod = 7/0.145
0000000000000000000
000000421000000 1/1200 (r<a10a; <ap00 0< ¢ <7/60ay <r0000
00000 HTFEMOOOOOO0<¢<w/600000 IhOIL,O0OOOOOOO Dy 0000
000000000 M.O M,=12D,00000000000000000000 I,Ol,OO
00000000000000012D, 0000D, =6000000000000 ne(= 4/ko)
000000004500001/12000 HTIFEMOOOOOOOOOO 1/400000000
000000000 42204230 TMy, 0000 TE, 0000000 0000000000
OOOHTFEMOOODO 1/12000000000000 1/400000000000000
0000000 -2d<z,y<2d0200x20000000000000000000000000
000 70000000C0000000CO00HE,;; 0000000000000000 7000
00000000000

0000000000000000 HIFEMOOOOOOOOOOOOOHE,;; 0000 HEy
0000000z=00y=002000000000000000000000 4140000
0000 (r<a0a; <a,000< ¢ <7/20a, <r000000000000000 M, O
M,=4D,0000D,=18000000000000 neg(=4/k) 00000000 4600
000000000000 00000000000000000000000000 HTFEM O
01/40000 HTIFEMOOOOOOOOO000000000000000000000000
0000000000000 00000000000000 I,O0lL,O0OOOOOO FEMOO
00000000 4240000HTFEMOO00O0OCOO FEMOOOOOOOOOO0O0OO0OOOO
00Q,0000000000000000000000000000000000000000
000000000000 0000000000000000000 4250 HE,, 0OOOOO
000000000000 -2d<z,y<2d0200x2000000000000000000
0000000000 700000000000000

71



44 0O0O0O0

00000000000000D00000 HTFEMODOOODOO00000

000000000000000000000000000000000000

00000000000000000000000000000 HTFEMOOOOOOOO
COMSOLOODO00D0000D00000 [5)0[11)0[38)0000000000000000000
HTFEMOOODDOOO0OO0OO0O0O0DO0000000000000000000 1/40000000
0000000000000000 (50000 COMSOLOOODOO0000000000000
00000000000000000000000000000000000000000000
000D0000000000000000000000000000000 HIFEMOOOODO
0000000000000 HTFEMOOOOOOCOMSOLOOO0OO0O0O000000000
000000 [12)0[38)000000000000000000000000000000000
000 HTFEMOOOODO0OO0O0O0000000

72



044000000 ngd1/4000

HTFEM(Quarter cross section)

FEM][12]

Multipole Method[38]

HEZ1
HE7;

1.4453953—33.19x 1078
1.4453953—33.19x 1078

1.4453935—44.11x1078
1.4453931—44.12x1078

1.4453953—33.15x1078

TEo1

1.4385838—35.31x10~7

1.4385760—43.97x10~7

1.4385858—34.99x10~7

HE%1
HES,

1.4384450—759.72x 107
1.4384450—759.72x10~7

1.4384419—47.13x10~7
1.4384376—47.11x1077

1.4384458—349.93x10~7

TMpo1

1.4383648—351.41x106

1.4383622—41.03x10~6

1.4383667—351.37x10~6

HE},

1.4304079—32.15%x 105

1.4303848—32.25x 105

1.430175—32.22x10~5

EHZ1
EHY,

1.4299564—51.59x 10~5
1.4299564—51.59x 105

1.4299517—351.67x10~5
1.4299459—41.68x 1075

1.4299694—51.58x10~5

HES;

1.4292498—348.73x106

1.4292608—39.17x 1076

1.4292553—59.34x 1076

73



% -1 0 1
xId

(b) HTFEM(O 0 O)

04.150 HE;; 0000000 200

74



(a) HTFEM(1/400)

% -1 0 1 2
xId

(b) HTFEM(O 0 O)

04160 TEy, 0000000 200

75



Re {neff}

Attenuation[dB/cm]

DA ASHTFEM 22 FEM[12]

1.46

1.45

1.44

1.43

1.42

() 0000
2
10 ‘ — ;
CXUHED A R JHOAGHTFEM =i FEM[12]

a °
HEll -

HE

11

0.8

1
Afpm]

(b) 0DOODOODO

04 0.6 1.2

0417000000000 0OOOO0OO

76



eff }

AN
——
O

a7

1.444770

1.444765

ex HTFEM(Whole cross section)
HTFEM(Quarter cross section)

—o— HTFEM(Quarter cross section,
* solving specified modes)

COMSOL
(Whole cross section)
—o— COMSOL

—— (Quarter cross section)

1444760
10

10" 10°
Number of total unknowns

0418000000000 Refreg} 0000000

77




Re{Ny J~Rein

10 - -

-10
10 i —6— COMSOL(Whole cross section) 1

COMSOL(Quarter cross section)
—o— HTFEM(Whole cross section)
—©O&— HTFEM(Quarter cross section)

HTFEM(Quarter cross section,
solving specified modes)

10 o—o S

10° 10" 10°
Number of the total unknowns

0419000000000000 Refneg} 000000000000

78



=
Q,

Computation time[s]

10

@

AOMSOL(WhoIe cross section) |

—o— HTFEM(Whole cross section)
—©O&— HTFEM(Quarter cross section) |

\)

COMSOL(Quarter cross sect|on):

HTFEM(Quarter cross section,
solving specified modes)

10

10"

Number of the

0420000

10°

total unknowns

oo



04210000000000 HTFEOOOO1/12000

80



045000000 neg01/12000

HTFEM(1/12 cross section)

HTFEM(Quarter cross section)

TEo1 1.4385838—45.31x10~7 1.4385838—35.31x10~7
TMo1 1.4383648—31.41x10~6 1.4383648—351.41x106
HE}, 1.4304079—32.15%x 105 1.4304079—32.15%x 105
HEZ, 1.4292498—48.73x 106 1.4292498—348.73x 106

046000000 n01/40000000000000

HTFEM(1/12 cross section, solving specified modes) HTFEM(Quarter cross section)

HE?, 1.4453953—73.19% 108 1.4453953—53.19% 108
HE?, 1.4453953—73.19% 108 1.4453953—53.19% 108
HEZ, 1.4384450—79.72x 107 1.4384450—59.72x 107
HE}, 1.4384450—79.72x 107 1.4384450—§9.72x 107

1.4399066—356.71x 1018

81



x/d

(a) HTFEM(1/1200)

(b) HTFEM(1/400)

04220 TMyp, DOODOOOO 200

82



(a) HTFEM(1/1200)

% -1 0 1 2
xId

(b) HTFEM(1/400)

04230 TEy, 0000000 200

83



(a) HTFEM

(b) FEM

042400000000 200

84



% -1 0 1
xId

(a) HTFEM(1/400,000000000 )

% -1 0 1 2
xId

(b) HTFEM(1/400)

04250 HE,; 0000000 200

85



5 00O

0000000000000 oooo00oooooDoobOooooooo
O000000000000000C0O000000000000DOHybrid Trefftz finite element
method: HTFEMOOOOODOOODO [61]00000000000O00 HTFEMOOOOOOOO
0 00 O 00 Nonlinear eigenvalue problem: NEPOO Sakurai-Sugiura 0 O 00 Sakurai-Sugiura
projection method: SSMOOODOOO0OO0OODO0OOOOOOOOOOOOOOOOODOO
SSMOOODDOO0OO00DO00000000000000 [54]0[570[58)0[590 000000000
0000000000000 000D00000000000 Multipole methodd MMO OO OO
OO0 NEPO SSMOOOOOSSMOOOOOOOO MMOOOOOOODODOOOOOOOOO
000000 [43)0

godoooooobobobobobobobobbbobtbtoddddooooooooL b
00000000000 0D0000D0000D0000D00O0DO0O0O0O HTFEM OO
00000000 ooooodooooooooooDoon0 HTFEMOODOODODOOODOOO
00000000 HTFEMOOODOOOODOOO

OoOSSMOOO NEPOOOOOOOOSSMODOOODOOODOOOOOOODOOOOO
O0000O0oooooooSSMOOOO0O0OoDoooOooooo0 HTFEMOOOOOOO NEP
0000000000000 000000000o00oo0oooooOooo SSMoOoooooo
OO000O0MMOOODOOODOOODOOO NEPOOODOOODOOSSMOODODOODOOOOOO
OONEPOOOODOOUOOOODODOOOODODOOOOOSSMOODODOOOOOOO
ooSSMOOOUOO00O0000000000O00oDooOooo0ooooooooSSsMOoOoooo
oooooooooooobooboboooon

0002000000000 HTFEMO SSMOOOOOOOOOOOOSSM OOOO
HITFEMODODOOOODOODOODOODOOOOOOOO0OOoO0oooDooooooooooooog
000000000000 0do0oooDooooo0oooDOdoO0oDOoobOOoooOg HTFEM O
goooooooooboboboobbbobobbdddoooooooooooooobooboooooog
ggoooooooobobobb, oo oobbb bbb ooOogoo o
00000000000000000000000 [50[12)0[11)J0MMO00000 [38)000
goooooog COMSOLMultiphysics®(COMSOL)DDDDDDDDDDDDDDDDDD
goooooono

86



HRN

odoobooboooboobobooboboobboobooobooboboobbooboon
oL bbb O
gbooboobogoboobboobbooboooobuooobbooboooboooboooboo
gbbooobogbbuoobbooboobobuoobboobooobuoobbooboo

goboobooobooboboobboobbooboooboobboobbooboon
gboooobogooobooboboooboobobooboboooog

87



gogn

1]

2]

3]

[4]

[5]

[6]

7]

[12]

[13]

[14]

M. Koshiba, K. Saitoh, and Y. Kokubun,* Heterogeneous multi-core fibers: proposal and
design principle,” IEICE Trans. Electron., vol.E97-C, no.7, pp.625-635, July 2014.

M. Koshiba, K. Saitoh, K. Takenaga, and S. Matsuo; Multi-core fiber design and analysis:
coupled-mode theory and coupled-power theory,” Optics Express, vol.19, no.26, pp.B102-
B110, Dec. 2011.

000000000 0000000000000 oooooooo0D OO0o00vel.97d
no.20 pp.102-1070 Feb. 2014.

M. Koshiba, “ Full-vector analysis of photonic crystal fibers using the finite element
method,” TEICE Trans. Electron., vol.E85-C, no.4, pp.881-888, April 2002.

M. Koshiba and K. Saitoh, “ Numerical verification of degeneracy in hexagonal photonic
crystal fibers,” IEEE Photnics Technol. Lett., vol.13, no.12, pp.1313-1315, Dec. 2001.
T. Fujisawa, and M. Koshiba, “ Finite element characterization of chromatic dispersion
in nonlinear holey fibers,” Optics Express, vol.11, no.13, pp.1481-1489 June 2003.

D. Ghosh, S. Roy, and S. K. Bhadra, “ Determination of modal effective indices and
dispersion of microstructured fibers with different configurations: a variational approach,”
Journal of Modern Optics, vol.57, no.8, pp.607-620, May 2010.

E. Eguchi, and Y. Tsuji,* Single-Polarization elliptical-hole lattice core photonic-bandgap
fiber,” J. Lightwave Technol., vol.31, no.1, pp.177-182, Jan. 2013.

M. Midrio, M. P. Singh, and C. G. Someda, “ The space filling mode of holey fibers:
an analytical vectorial solution,” J. Lightwave Technol., vol.18, no.7, pp.1031-1037, July
2000.

T. Hasegawa, E. Sasaoka, M. Onishi, M. Nishimura, Y. Tsuji, and M. Koshiba, “ Hole-
assisted lightguide fiber for large anomalous dispersion and low optical loss,” Optics Ex-
press, vol.9, no.13, pp.681-686, Dec. 2001.

N.A. Issa, and L. Poladian, “ Vector wave expansion method for leaky modes of mi-
crostructured optical fibers,” J. Lightwave Technol., vol.21, no.4, pp.1005-1012, April
2003.

H.P. Uranus, and H.J.W.M. Hoekstra,* Modelling of microstructured waveguides using a
finite-element-based vectorial mode solver with transparent boundary conditions,” Optics
Express, vol.12, no.12, pp.2795-2809, June 2004.

S. Guo, F. Wu, and S. Albin, “ Loss and dispersion analysis of microsructred fibers by
finite-difference method,” Optics Express, vol.12, no.15, pp.3341-3352 July 2004.

P.-J. Chiang, and H.-C. Chang, “ A high-accuracy pseudospectral full-vectorial optical

waveguide mode solver with carefully implemented UPML absorbing boundary condi-

88



tions,” Optics Express, vol.19, no.2, pp.1594-1608 Jan. 2011.

[15] P. Yeh, and A. Yariv, “ Theory of Bragg fiber,” J. Opt. Soc. Am., vol.68, no.9, pp.1196-
1201, Sept. 1978.

[16] G. Ouyang, Y. Xu, and A. Yariv, * Comparative study of air-core and coaxial Bragg
fibers: single-mode transmission and dispersion characteristics,” Optics Express, vol.9,
no.13, pp.733-747, Dec. 2001.

[17] S. Guo, and S. Albin, “* Comparative analysis of Bragg fibers,” Optics Express, vol.12,
no.1l, pp.198-206, Jan. 2004.

[18] N. Song, J. Mu, and W.P. Huang, “ Application of the complex coupled-mode theory to
optical fiber grating structures,” J. Lightwave Technol., vol.28, no.5, pp.761-767, March
2010.

[19] H. Rogier, and D.D. Zutter,“ Berenger and leaky modes in optical fibers terminated with
a perfectly matched layer,” J. Lightwave Technol., vol.20, no.7, pp.1141-1148, July 2002.

[20] D.V. Ginste, H. Rogier, and D.D. Zutter; Efficient computation of TM- and TE-polarized
leaky modes in multilayered circular waveguides,” J. Lightwave Technol., vol.28, no.11,
pp-1661-1669, June 2010.

2] 0DOD0OD DOO0OOOO0 4000 0DO0OCMH vol.J92-CO no.80 pp.331-337, Aug. 2009.

[22) 00DO00OOO0OOOO0 000 /000000000000 0DO0O030000000000D0
000000 oooocdcdvol.J77-C-10 no.100 pp.511-518, Oct. 1994.

[23] J. Jin, The Finite Element Method in Electromagnetics, IEEE Press, 2002.

[24] M. Koshiba, and Y. Tsuji,’ Curvilinear hybrid edge/nodal elements with triangular shape
for guided-wave problems,” J. Lightwave Technol., vol.18, no.5, pp.737-743, may 2000.

[25] O.C. Zienkiewicz, R.L. Taylor and J.Z. Zhu, The Finite Element Method Its Basis &
Fundamentals 6th Editiond Butterworth-Heinemann, 2005.

[26] M. Koshiba, “ Optical waveguide theory by the finite element method,” IEICE Trans.
Electron., vol.E97-C, no.7, pp.625-635, July 2014.

[27] X.Q. Sheng and S. Xu,“ An efficient high-order mixed-edge rectangular-Element mehtod
for lossy anisotropic dielectric waveguides,” IEEE Trans. Microw. Theory Tech., vol.45,
no.7, pp.1009-1013, July 1997.

[28] W.C. Chew and W.H. Weedon, “ A 3D perfectly matched medium form modified
Maxwell’s equations with stretched coordinates,” Microw. Opt. Technol. Lett., vol.7, no.13,
pp.599-604, Sept. 1994.

[29] J.P. Berenger, “ A perfectly matched layer for the absorption of electromagnetic waves,”
Journal of Computational Physics, vol.114, no.2, pp.185-200, Oct. 1994.

[30] W.C. Chew, J.M. Jin, and E. Michielssen; Complex coordinate stretching as a generalized
absorbing boundary condition,” Microw. Opt. Technol. Lett., vol.15, no.6, pp.363-369,
Aug. 1997.

89



[31] F.L. Teixeira and W.C. Chew, “ Systematic derivation of anisotropic PML absorbing
media in cylindrical and spherical coordinates,” IEEE Microw. guided wave Lett., vol.7,
no.11, pp.371-373, Nov. 1997.

[32] F.L. Teixeira, and W.C. Chew, “ Unified analysis of perfectly matched layers using dif-
ferential forms,” Microw. Opt. Technol. Lett., vol.20, no.2, pp.124-126, Jan. 1999.

[33] S. B. Gaal, H. J. M. Hoekstra, and P. V. Lambeck, “ Determining PML modes in 2-D
stratified media,” J. Lightwave Technol., vol.21, no.1, pp.293-298, Jan. 2003.

(34 DOUOOOD0ODOOO0OODO0OUOD DODO0DO0D0O0DO0O0ODO0O0DDOODOO0DODOODOOoDOOoOoOnD
0000000000 vol.90 pp.19-240 Dec. 2009.

[35] B. Vial, F. Zolla, A. Nicolet, M. Commandré and S. Tisserand, “ Adaptive perfectly
matched layer for Wood’s anomalies in diffraction gratings,” The International Online
Journal of Optics, vol.20, no.27, pp.28094-28105, Dec. 2012.

[36] A.Z. Elisherbeni, and A.A. Kishk, © Modeling of cylindrical objects by circular dielectric
and conducting cylinders,” IEEE Trans. Antennas and Propagation, vol.40, no.1, pp.96-99,
Jan. 1992.

[37] D. Felbacq, G. Tayeb, and D. Maystre,“ Scattering by a random set of parallel cylinders,”
J. Opt. Soc. Am. A, vol.11, no.9, pp.2526-2538, Sept. 1994.

[38] T.P. White, B.T. Kuhlmey, R.C. McPhedran, D. Maystre, G. Renversez, C. Martijn
de Sterke, and L.C. Botten, “* Multipole method for microstructured optical fibers. I.
Formulation,” J. Opt. Soc. Am. B, vol.19, no.10, pp.2322-2330, Oct. 2002.

[39] B.T. Kuhlmey, T.P. White, G. Renversez, D. Maystre, L.C. Botten, C. Martijn de Sterke,
and R.C. McPhedran, “ Multipole method for microstructured optical fibers. II. Imple-
mentation and results,” J. Opt. Soc. Am. B, vol.19, no.10, pp.2331-2340, Oct. 2002.

[40) 00DO0D0OD0O0OD0O0O0O0OO0OD O0DO0D0O0O00ODO0O0O0ODOOO0OOD0OO0ODO0O0ODOD ODOOoOoCm™
vol.J88-CO no.30 pp.135-1430 March 2005.

[41] K. Yasumoto, Electromagnetic Theory and Applications for Photonic Crystals, CRC
Press, Boca Raton, 2006.

[42] V. Jandieri, K. Yasumoto, A. Sharma, and H. Chauhan, “ Model analysis of specific
microstructured optical fibers using a model of layered cylindrical arrays of circular rods,”
IEICE Trans. Electron., vol.E93-C, no.1, pp.17-23, Jan. 2010.

43 0000000000000 DOD DO0ODO0DO0O0O0O0OOO Multipole method 000 O
000000000 0O0000vol.1150 no.1410 pp.111-1160 July 2015.

[44] A.P. Zielnski, and O.C. Zienkiewicz,” Generalized finite element analysis with T-complete
boundary solution functions,” Appl. Mechanics Rev., vol.58, no.5, pp.316-336, Sept. 1985.

45 0000000000 DO0DOO0O0ODO0ODOO0OOLDOOODOOODODD 199800
00000000000 C-1-70 Sept. 1998.

[46] Q.-H. Qin, The Trefftz Finite and Boundary Element Method, WIT Press, 2000.

90



47 DO0D00D00O00O0C O0O0O00000000 Hybrid Trefftz0O00D0000OQO O 160
O0000Op.1460 0000 1140 Oct. 2004.

[48) 00O O0DOOD0OOD0ODOOD DOODOO0OO0OOD0ODOOOOUOOODOODODOODOOOODODOD
00O 000000000 vol.210 pp.53-580 Dec. 2004.

[49] Q.-H. Qin, “ Trefftz finite element method and its applications,” International Journal
for Numerical Methods in Engineering, vol.21, no.3, pp.509-528, March 2005.

(0] 0000000000 DO00DO00O0O000DO0DO0OO0O0O0O0ODO0OO0O0OOOODOD
0000 0DO0O0000000vol.50no0.20 pp.113-1180 Dec. 2005.

[l 0000D0D0O0O0OD0O0OC DO0O0D0OD0OO0O0O0OODO0ODOUOO0ODO0DDOODOUODOODUOODOD
00000000 0000 C vol.J89-C no.10 pp.1-100 Jan. 2006.

[52] S. Sato and K. Hasegawa,” Analysis of scattering characteristics of diffraction gratings us-
ing hybrid Trefftz finite element method,” International Journal of Microwave and Optical
Technology, vol.1, no.2, pp.889-904, Aug. 2006.

(3] 00 000ODO00ODOOCO DO0ODO0OO0OO0OO0ODO0OO0ODO0OODO0OODO0OODOOODOOOD OO
00000000vol.70 no.20 pp.219-2240 March 2008.

b4 DOO00OO0D0OO0O0OO0D0O0O0OO0OU0OOOUOOD D0D0DD0O0O0O0DD0D0OD00OO00O0O Sakurai-
Sugira 000000000000 0000O0OO0OO0OOO0OO0OOOD O0O0OO0O0O0O000
vol.100 pp.87-920 Dec. 2010.

5] D000000DOU00D0D0D0OO000B 000000000000 Sakurai-Sugiura O 0
000000000000 0000000000C0 DO0000Ovol.1110n0.1470pp.183-1880
July 2011.

56 000000000 0O0OD0O0OD U0OD0D0O0O0D0OO0DO000DO0DO0O00DOO0DO0OUOOOOO
000D0000o00oooD oooocdvol.J94-CO no. 100 pp.277-2870 Oct. 2011.
7] 000000000000 00D0O00D0OD DO00D000D0O00000 Sakurai-Sugiura O
0000oooooooDooo0oo0oooooooDoooDooD oooooboOoogovoel.11d

pp.1-60 Dec. 2011.

(8] 000000 DO0O0O0ODO0OUO0ODOU0UD D00D0O0OLO0ODO0DOODO0OLUOOoOO
0000000000000 D0000000D000000OY 0000000 000voel.120
pp-31-360 Dec. 2012.

(9] 00000000000 D0O0O0OO0O0UD D00D000DO0O0D0O00DO0ODO0DOOOO
000000000000 0D00000 000000000 0Ovol.130pp.73-780Nov. 2013.

[60) 00000000 DO0O0ODO0ODO0O0O0O0O0OD DOOOUODOODDOODOODODOODOOODOD
000000000000 000O00 0000d0dvol.1140 no.1410 pp.181-1860 July 2014.

61] DOODO0OO0OODO0OODO0OODODOUOOUOO0O0O0O0OD ODO0O0ODOUOODO0OODO0ODOD0ODOD0ODO0ODOOO
0000000000000 00000 000000000 0vol.140 pp.49-540 Dec. 2014.

[62] P. Kravanja, T. Sakurai and M. Van Barel, “ On locating clusters of zeros of analytic
functions,” BIT Numerical Mathematics, vol.39, no.4, pp.646-682, Dec. 1999.

91



[63]

[64]

[73]

[74]

[75]

T. Sakurai and H. Sugiura,” A projection method for generalized eigenvalue problems us-
ing numerical integration,” Journal of Computational and Applied Mathematics, vol.159,
no.1, pp.119-128, Oct. 2003.

P. Kravanja, T. Sakurai, H. Sugiura, and M.V. Barel,* A perturbation result for general-
ized eigenvalue problems and its application to error estimation in a quadrature method
for computing zeros of analytic functions,” Journal of Computational and Applied Math-
ematics, vol.161, no.2, pp.339-347, Dec. 2003.
gooooobbobobbbodddddooy oo ooobobobooboo
000D 0000000000 0n0.16380 pp.73-820 April 2009.

0000 ODoOoo0oo0oo0o0o0o0o0o000o0000oD DoOoOo0O0ODDDDOOOno.2009-20
pp-31-390 Sept. 2009.

ggbooooobooobooobtbooobDbo ooboobboobbouobooo
Sakurai-Sugiura0 000 0000000 O 0OOOOvol.190n0.40pp.537-5500Dec. 2009.
J. Asakura, T. Sakurai, H. Tadano, T. Ikegami and K. Kimura, * A numerical method
for nonlinear eigenvalue problems using contour integrals,” Japan Society for Industrial
and Applied Mathematics Letters, vol.1, pp.52-55, Aug. 2009.

T. Sakurai, J. Asakura, H. Tadano, and T. Ikegami, * Error analysis for a matrix pencil
of Hankel matrices with perturbed complex moments,” Japan Society for Industrial and
Applied Mathematics Letters, vol.1, pp.76-79, Dec. 2009.

T. Tkegami, T. Sakurai, and U. Nagashima, “ A filter diagonalization for generalized
eigenvalue problems based on the Sakurai-Sugiura projection method,” Journal of Com-
putational and Applied Mathematics, vol.233, no.8, pp.1927-1936, Feb. 2010.

T. Tkegami and T. Sakurai, “ Contour integral eigensolver for non-Herimitian system: a
Rayleigh-Ritz-type approach,” Taiwanese Journal of Mathematics, vol.14, no.3A, pp.825-
837, June 2010.

T. Sakurai and H. Tadano, “ A parallel eigensolver using contour integration for gener-
alized eigenvalue problems in molecular simulation,” Taiwanese Journal of Mathematics,
vol.14, no.3A, pp.855-867, June 2010.

J. Asakura, T. Sakurai, H. Tadano, T. Ikegami, and K. Kimura, * A numerical method
for polynomial eigenvalue problems using contour integral,” Japan Journal of Industrial
and Applied Mathematics, vol.27, no.1, pp.73-90, June 2010.

H. Ohno, Y. Kuramashi, T. Sakurai, and H. Tadano, “* A quadrature-based eigensolver
with a Krylov subspace method for shifted linear systems for Hermitian eigenproblems
in lattice QCD,” Japan Society for Industrial and Applied Mathematics Letters, vol.2,
pp-115-118, Dec. 2010.

Y. Futamura, H. Tadano, and T. Sakurai, “ Parallel stochastic estimation method of

eigenvalue distribution,” Japan Society for Industrial and Applied Mathematics Letters,

92



vol.2, pp.127-130, Dec. 2010.

Y. Maeda, Y. Futamura, and T. Sakurai, “ Stochastic estimation method of eigenvalue
density for nonlinear eigenvalue problem on the complex plane,” Japan Society for Indus-
trial and Applied Mathematics Letters, vol.3, pp.61-64, Oct. 2011.

H. Gao, T. Matsumoto, T. Takahashi, and T. Yamada, “ Eigenvalue analysis for 2D
acoustic problem by BEM with block SS method,” Transactions of the Japan Society for
Computational Methods in Engineering, vol.11, pp.107-110, Dec. 2011.

A. Tmakura, T. Sakurai, K. Sumiyoshi, and H. Matsufuru, * A parameter optimization
technique for a weighted Jacobi-type preconditioner,” Japan Society for Industrial and
Applied Mathematics Letters, vol.4, pp.41-44, Dec. 2012.

A. Leblanc, and A. Lavie,” Solving acoustic nonlinear eigenvalue problems with a contour
integral method,” Engineering Analysis with Boundary Elements, vol.37, no.1, pp.162-166,
Jan. 2013.

S. Yokota, and T. Sakurai,* A projection method for nonlinear eigenvalue problems using
contour integrals,” Japan Society for Industrial and Applied Mathematics Letters, vol.5,
pp-41-44, March 2013.

H. Gao, T. Matsumoto, T. Takahashi, and H. Isakari, “* Eigenvalue analysis for acoustic
problem in 3D by boundary element method with the block Sakurai-Sugiura method,”
Engineering Analysis with Boundary Elements, vol.37, no.6, pp.914-923, June 2013.

I. Yamazaki, H. Tadano, T. Sakurai, and T. Ikegami, “ Performance comparison of par-
allel eigensolvers based on a contour integral method and a Lanczos method,” Parallel
Computing, vol.39, no.6, pp.280-290, June 2013.

Y. Nagai, Y. Shinohara, Y. Futamura, Y. Ota, and H. Tadano, * Numerical construcion
of a low-Energy effective Hamiltonian in a self-consistent Bogoliubov-de gennes approach
of super conductivity,” Journal of Physical Society of Japan, vol.82, n0.094701, pp.1-10,
July 2013.

T. Sakurai, Y. Futamura, and H. Tadano,” Efficient parameter estimation and implemen-
tation of a contour integral-based eigensolver,” Journal of Algorithms & Computational
Technology, vol.7, no.3, pp.249-270, Sept. 2013.

S. Sato, T. Shimada, and K. Hasegawa, “ Extraction of all propagation constants in
a specified region from the transcendental equation of a dispersion relation by using the
Sakurai-Sugiura projection method,” J. Opt. Soc. Am. A, vol.32, no.7, pp.1216-1221, July
2015.

G.H. Golub, and J. Sun, Matrix Perturbation Theory, Academic, 1990.

P.R. McISAAC* Symmetry-induced modal characteristics of uniform waveguides-I: sum-
mary of results,” IEEE Trans. Microw. theory Tech., vol. MTT-23, no.5, pp.421-429, May
1975.

93



[88] P.R. McISAAC* Symmetry-induced modal characteristics of uniform waveguides-1I: the-
ory,” IEEE Trans. Microw. theory Tech., vol. MTT-23, no.5, pp.429-433, May 1975.

[89] J. A. Nelder and R. Mead, “ A simplex method for function minimization,” Comput. J.,
vol.7, issue.4, pp.308-313, 1965.

[90] J.C. Lagarias, J.A. Reeds, M.H. Wright, and P.E. Wright,* Convergence properties of the
Nelder-Mead simplex method in low dimensions,” SIAM J. Optim., vol.9, no.1, pp.112-
147, Dec. 1998.

[91] J.J. Michalski, and P. Kowalczyk,“ Efficient and systematic solution of real and complex
eigenvalue problems employing simplex chain vertices searching procedure,” IEEE Trans.
Microw. theory Tech., vol.59, no.9, pp.2197-2205, Sept. 2011.

[92] L. Cairo and T. Kahan, Variational Techniques in Electromagnetism, Gordon and Breach,
1965.

[93] L. M. Delves and J. N. Lyness,* A Numerical method for locating the zeros of an analytic
function,” Math. Comput., vol.21, no.100, pp.543-560, Oct. 1967.

[94] E. Anemogiannis and E. N. Glytsis, “ Multilayer waveguides: efficient numerical analysis
of general structures,” J. Lightwave Technol., vol.10, no.10, pp.1344-1351, Oct. 1992.

[95] M. Abramowitz and P. Vincent, Handbook of Mathematical Functions, Dover publica-
tions, New York, 1965.

[96] J.H. Wilkinson,“ Kronecker’s canonlcal form and the QZ algorithm,” Linear Algebra and
its Applications, vol.28, pp.285-303, Dec. 1979.

[97] G.H. Golub, and C.F. Van Loan, Matrix Computations, Johns Hopkins University Press,
1989.

[98] M. Matsumoto and M. Tsutsumi,” Radiation characteristics of a dielectric slab waveguide
periodically loaded with thick metal strips,” IEEE Trans. Microw. Theory Tech., vol. MTT-
35, no.2, pp.89-95, Feb. 1987.

[99] C.G. Broyden,“ A class of methods for solving nonlinear simultaneous equations,” Math.
Comput., vol.19, n0.92, pp.577-593, Oct. 1965.

[100) 0000 DO0OD0O0ODOD D0OO0ODOOO0DO0O0DOO2006.

[101] I.H. Malitson,“ Interspecimen comparison of the refractive index of fused silica,” J. Opt.
Soc. Am., vol.55, no.10, pp.1205-1209, Oct. 1965.

94



gogn

goodooooood

1. 000000000000 0O000O000O0OD oo oOoOooOooooboobooooon
00000000000 DO0D0OD0O0D OCOO0O0OO00O00Od0vol.140 pp.49-540 Dec.
2014.

2. 0000000000000 000O0OO0DOOO bObOoOoOoOoOooDoODbOoOoOoOoOoOooooo
0000000000000 000000 0000000000 vol.130 pp.73-780 Nov.
2013.

3. 00D000Db00bOOo0bObO0o0obOOo0DOO0O0 Dboooboooboooobooooooo
0000000000000 000D0000000000OY D0000O0000dvoel.120
pp-31-360 Dec. 2012.

4, 0000000000000 CO0O0O00O0OC O0O0000000000 Sakurai-Sugiura
0000000000000 ooo0ob0ob00ob0D ooboooooooo
vol.110 pp.1-60 Dec. 2011.

5, 00 0000000D0D0C0DO00CO0D0O0D ODOUOO0OO0OD0DO0OODOO0O0O00 Sakurai-
Sugiwra 00 0000000000000 0OOO0ODOO0OOUOOOD DOODODOOOOOO
vol.100 pp.87-920 Dec. 2010.

goon

gogd

1. O0000000000000000 000000000 Sakurai-Sugiura 000000
gboobooobooobooboobool boboobooboboobooobooboobo
000 Oct. 2013

2.00000000000000000 DOODO0DO0D0DO0D0D0D0O0O000ODO0O0O0O00O0O00
0000000000 DO00O0O0OO0000oooDooooo0o0OooooonOct. 2010

95



gogodoooogd

1. 000000000000 00000 000000000000 Multipole method O O
00000000000 00000vol.1150 no.1410 pp.111-1160 July 2015.

2.QO0000000D0O0000U0O0O0U0ODOU0OOD OOUDOOOOOOO0ODOUOOOOOO
0000000000000 0000D0000O 000000000 dvol.140 pp.49-540
Dec. 2014.

3. 0000000000000 ooo00oo00D D000o0oooooDoooooo0™
000000000000 0000000O 00000 pp.181-1860 July 2014

4. OO0O0D00D000O0O0OO0O0O000ODDOOOO0OD ODODOOOO0O0O0ODODOOOOoOoOooOon
000000000000 00D00000O0 000000000 0vol.130pp.73-780Nov.
2013.

5, 0000000000 U00D00000000D D0O0D000000000 Sakurai-
Sugiwra 00 0000000000000 O0OO0OOOODOOOOOOOOOD OOOOO0OO0
000 vol.110 pp.1-60 Dec. 2011.

6. OU0000000COO0O0O0O0O0O0000BN O0000O0O00O0OOO Sakurai-Sugiura
000000000000 00D0000000000D 0000 0pp-183-1880July 2011.

7. O000000000000000000000 000000000000000 Sakurai-
Suginra OO ODOODODOOO0DOD0O0ODODOOOODODO0OODOD DOODOOOOOOO
vol.100 pp.87-920 Dec. 2010.

godgd

good
1. S. Sato, Y. Morita, K. Hasegawa, T. Shimada,* Removing nonphysical solutions of
electromagnetic waveguide nonlinear eigenvalue problems (by using the eigenvalues or
the sensitivity of the eigenvalue of the linearized problems),” Abstracts of the 4th Asia-

Pacific International Conference on Computational Methods in Engineering, Dec. 2012

ooogogo
1. QY. Morita, S. Sato, K. Hasegawa; A Hybrid Trefftz Finite Element Analysis of Eigen-
modes Propagating in a Holey Fiber,” Progress In Electromagnetics Research Sympo-
sium, July 2015

DOooooo

96



