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ABSTRACT

This paper investigated the confinement loss of hexagonal lattice by structure
designed of pitch, shape of holes and air hole size of Large Mode Area (LMA) holey
fiber with hexagonal arrangement and the normalized holes consists of 5-layer, it’s
made from pure silica. By using the OptiFDTD programming based on the finite-
difference time-domain (FDTD) method and its wavelength is 1.55 micron, the result
shows that the comparative between the normalized hole diameter in 5-layer
balanced that d=0.3 ym and the normalized diameter in various layers of hexagonal
different that the diameter of inside 3-layer equal to 0.3 pm and outer 2-layer equal
to 0.5 um, we have been found the confinement loss equal to 0.016627 when the

diameter of inside 3-layer and outer 2-layer is changed to low confinement loss.

Keywords : confinement loss, finite difference time domain , holey fiber, Photonic

crystal fiber
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Tnellasaisvewdninlndnduuy 2 87 [Wumsiwualiiuuesfiannmes R

2
k23 =%

NaFetulaensiivuaniigiannes (primitive lattice vectors) a; 4as a,
R = maq + nas; (21)

idlo m uaz n AstavsiwIuAy Falimsvaunuyngdruduildululdmuannisd (2.1) ey

& 124 =y ] E A o L2 &
hnsadwanfirusvafivsznevluimsgaiinssagaasnuulsserseuvludiuinetug

o e

wananfluanfigraansos R Fudennwalidvuaniiy Fawaniivdiunay (reciprocal

lattice) anunsadsuluguuuuinees G 1o

el6R — 1 (2.2)
Pnaumsd (2.1 Sanunsadeuldidu

G-R=2ml (2.3)
e ( Aeavdunuiy waswanfivdiundueeannmed G annsadeulugivasinimes ¢, ¢

G=m'g, +n'g, (2.4)
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9) reciprocal space 9 2 Wilifiwuanfiganianes g, waz g,

wasfiruuvivdeuainsotandenléidu a; = aR e a, = af e a feriAsTiveuan
fiomhewadvedastawmuudumudsduuinalndeudviedldaunsi 2.5) wnees
YadanfiraIundu wan g, = (2r/a)R uas g, = (2m/a)y ﬁ'f'aLLam'lugUﬁ 25 2)lu
reciprocal space ﬁﬁuﬁu%aqau(Briuouin zone) gnasradiulasestslneiduiivlugud 2.5 v)
dinsnuanfivanuwsuuudvien awrsavinsmuaaulasademeluls 178 ves
fufiusagdu nsdiusznevludeudnaamuviey ATXM Jaiddiluguil 2.5 1) nagely
fufiusagduia Aeganely ireducible zone Tsfdnfiuuiiauasyssneaulude
Msnyuil 90 8eM wagn1sazTiou MnmosaRuweau(gA ireducible zone Taadl T, X
we M 7T =0,x = (m/a)f wae M = (t/a) X+ 9)
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P ~ = = ;| o |
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JUN 2.6 wanfitkuuaWags n) IALTENUUY real space U 2 walTRLaRTvINAOT 8y

ua a,
%) reciprocal wave vector space iU WELANRARHY
LINLPBS gy LAY g
ofuiiviagdudslasseheiliuduiuaniuim weduddunuuaumieude ATMK

=\ . fypil oL
7y ireducible 1/12 vasituiivZagdu

vilmhewadfouinaladouluuzufivasuuuadenyu 1naun1sh (2.5) Tasdundures
walliuasfiunneesie gy = 2n/a)(X — §/V3) waz g2 = (4n/V3a)y Fauansldi
U 2.6 ) Klosnnuasfinwuuaninsasannsavimsanasaulassademeluld 1/12 aas
ﬁuﬁu’%aﬁu Lﬁ@U%L?NEUﬂWHLMﬁIHQJ ATMK ﬁa’mﬁl.mw’fmﬁmugﬂﬁ 26 wnweindude
I'=0,M=(n/a)®+$/V3) uaz K = (4n/V3a)%
wihuanfivuuudmasusazuuuaumasuldiimsosueueninionnfivansiagawes
Tassdninlndnduvy 2 7 Tnessdodanluwuuialyd SauanfivusiSos (Bravais lattice)
Tu 2 98 ashles 2 s fio a; WA a,

flsiFulaBianmin (dielectric function) £(r) M mduius e(r + R) = e(r) dwmdu R

1
= o= Ll T

lunanfivdiundunazdun &) fAeawlu 2§17 Aldwunduresilsdduladidnasndu

£ 1(r + R) = £71(r) wseaziuaunsauandluguveadiusla
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—1r .- -iG-

k(G) = ;_fs gri(r)e 15T ds (2.8)
4w \
L s ﬂaﬂiﬂqﬁl'ﬁ‘uaﬂ‘lﬁU']ElLsﬁﬁé
a ot A 1 =@ = 1 ¢ < ' = & sl e W
duugluuuiiuuavesnladidnainaiglumbeised FnismeuitusieTidwinae

v . . o - L i} ot L= l :J
{(numerical integration) mﬁJumaa’L&umaWsmmWﬂwa's' k(@) Tugnunisi (2.8) unulae
o ov oA | ot 1 ¢ 1 &

ﬂ’lﬁ‘d‘i%iﬂﬂJIU'EULLUUNﬁTJEJWhJWGL‘UENLL‘U‘IJ@U FINUIYARAUNTARUSRaALTU N; X N,

Wuwadidng Fauanslugud 2.7

:i I ¢ o ar o os e acd o  ar o 1 ar
E‘U“ﬂ 2.7 LLN‘lJﬂ']WLﬂJ“lﬂlE]\‘l‘WU')EJWﬂﬁﬂ'lﬂiUﬂTﬁ‘Vi']U‘iwuﬁrﬂ?El'lﬁL“U\WI’JLa"UIUﬂ'ﬁﬂqu'Jmﬂ'TﬂﬂJ

L= £ b £ = g . AN o = = 1 &t
Uizawﬁx\lﬁﬂi Farsinvuannanwas (primitive lattice vectors) A8 a;, a, MTVUIIGARY

1 o o e = ol =
asuUeaniu Ny x N, alivuadnuinunglussuuiidawuubes
| g e s = = a Py a o =
enwmed 2 nnnesveamiiiivuaniiy a, uay a, Tnsimusszuuiifauuudesiuyu 0 7
wilngadlangastintuuuy AL = a;/N; uag An = a, /N, Tu € uaz 1) Innsseyiianneiu

dydnwaliasdwiwdiu ny = 1,2,..., N, uag ny = 1,2, ..., N, nafimuuifasiums

nAeslussuuRnawuussannsalsylugunisy (2.9)
daq a2 ag az
=52 4 22 = AF2L 4 A2 .
r Ea1+na2 1 Ea1+ 280 - (2.9)
PR o - v
G = mygy + myg; aun1sf (2.9) unuasly (2.8) axld

—3 ag  ,32
k(mg, m;) = = [ foazsr(—;me iimagsrmag2l[EEZE] G g dedn
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~ 1 1 —i2w
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NN, an an £r(ny,nz)

mqing +mzn2]
Ny N2

(2.10)
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]
=

annsatd FFT dunisduaaidudeuses O(NlogN) 16 e N = N;N, Aanasmvednay
YUY

= 1

] [ L =lor d\l ] = [ o o & o ar as ] = =
dwsuuriamsanauaziisall r uazArsdledidnaindu e, ndwegluiundsTanduainsilad

Y

& = ' at =y = s o o 14
Enedn g, MduUTEAMSYISasamsnAmUIMLaz AT IZALA

R

1 1
Lerla-9 1G] = 0
k(G)=<7" P (2.11)
[__l__i]fh(lGlR) 1G] %0
€a £h d

IGIR ’

e f = mr?/(a?sin 8) Aeunmainanuauas J;(x) Aelsiduiueawa (Bessel function)

b
ar a) =i

Sududl 1 vesawlunuinny z msanlugud nafinunfsaunsuundiadlussuuiing

ol Al = B as =
NSl (Cartesian coordinate system) Asgun1sh (2.12)

aHz aHy " aEy aEZ TITC
By T IWE0EEx |5 Sy = J0Hol
FHg— aHy s S (4 @B, |
el S ](DEOEI-EY (B207 "oy ](.l)l.loHy (2.12)
dHy  gH 8Ey, OE
y >4 e, - b4 y bt 4]
o S jwege B, 3 Todn © jopgH,
innsangUuesauns
aHy . OE "
- ]wSOErEx - = ]mUDHx
ay dy
H . JE; .
— 0XZ = jwEgELEy o jopoHy (2.13)
9Ey OBy, | 8Hy AH, _ .
o ok joopgH, oy jwggE B,

Tudruusnuesaunsasiiaulsznevresaui vdLRssedafginelunny xy Fenuse
osusAsilsGenia Tuun TE viseaaulnstlsd TE drunstiidesmasaunisiiies

] ' P = a o A | o o
auuusliwdnifissedraieinteluunu xy Beenunsoesutedaiionin lvun TM wisaauln
5159 T™
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Tngn1sdadulsznaveaudini B, uae E, senlunnnaiusnvesaunts agliauns
ARuosEULLwEn H, dwiiulvun TE

d

ax ﬁ& H (r )) (s(r) dy H(r )) (_‘;_’_)2 H,(r) =0 (214

vimslddunoutieniu Tnadadulssneuvosaunuusiviin Hy was Hy 9innailideses

aun1snldanaunisadu dwmsudulsenauvesauilvdh E, vedvun T™ asldannns

E(lr) [6){2 ]E (r) + ( ) E,(r) =0 (2.15)

Tudusely agviniFinssitasuitumvesaundwiuusaydmanvednualeinu

Aafe TE way TM Insatsd agnaruweniu

2.2.1 TE Tnanlsdiadiu
o A 4 A e o
paw TE InslsdAeaauiiaumititinelssluunu xy Wusbuifidies By, E, uay
H, Tnsawnnudrunldldmely Sslushnansasiiaunu H fimusadwunluriuuden

(Bloch wave) AusEUIU LLanwégmﬁ’umwaqﬁaﬁ%’u
H,(r) = u(k, r)eitkn (2.16)

deflaidu u(k, r) vesuwaniiv ulk, r + R) = u(k,r) wazvimsvesaunisiesldaynsum
1o

u(k,r) = $ch(k, G)el®n (2.17)

lug
H,(r) = ¥ hik, G)el&k+ET (2.18)

dlo k = k,% + k,§ fovinnedaiu 2 {7

YINSWNUAUINLAZ VY INENNTT (2.18) wag (2.7) audisu TA8MauLSNYDIELNTS

1
. gp(r)
Aau (2.14)



2 (%) = 2[5 k(G ™. = T h(k, G0+

ax \gr 0%
= = Tora(ky + Goxlky + GIK(G” — Gh(K, G)eil+e)r
dle 6 = 6 + 6 Fdluweniidesainsaiiouldndnstu

8 (1 dH, a N iGhr D e G r
2 (252) = £ [Zer (6’ L 36 h(k, G)ellere)1]

= — Yana(ky + Gyx(ky + Gy )i(G" = Oh(k, G)elk+6")r

° ] v ow o o = P 1
NIN9TIHEUNTVE 2 WU IMIenU ‘?Nﬂ"lﬁJ"liﬂL‘UEluﬁuﬂ’]‘iﬂﬁu‘lﬁ'l'l

(k + G). (k + 6")x(G" = G)h(k, G)el(k+6")
6".G -
= = Yeh(k, G)el &+

1WAAUTENU exp(GG’. 1) wnuadluFianmsi (2.21) 3 2 ATUT89aNnTs

2 (k + 6). (k + G")(G" — G)h(k, G) f (6”61 g
G" .G
=93 hk G) [ eile=6)r

c2

nMsBuRitnsanthewadalunsaineigunisla

(6" +65 )T _ S, G" = G'
"I as = {0 o G @

llg eigenvalue
2
Yk + 6). (k+ GIx(G ~ @hk G) = 5 h(k G)
vieluguueausin
Ah =2h

\Hla eigenvalues A A = w?/c?

13

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)
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2.2.1 T™M Twstlsdatu

™ Tnslsd Wiueduiiidiulssneuvesauusvanilnsilsdluums xy Saduniu

=l

Al H, H, waz H, Judiudszneu Tawaunslnihamsndeulddu
E,() = Yen(k, G)elkt®T (2.26)

Tharundurasndiivannaunsi (2.7) wagaunywdi9inaunish (2.26) unuadlugunis
(2.15) agl@

Yo k(6 € Xg [ ey = G2 + (i — Gy)?| ni, Gyl
5 %;Ecn(k, G) eIt &r 2.27)

yhningUaunislihetulasunu 67 Wy 6 + 67 2l
Sier 6 K(GY — G)(k + G)*n (s, G)ell+6")T = ‘:—: Yer ik G+ (2g)
thaunshldunvinnisamniely Ginner product) waeldaun1sd (2.23)

k(G = 6)(k + 6)n(k, 6) = Sk, G) 2.29)

= = . = w0 o 1 | =
Feazdouluguuuuaunis eigenvalue fuwdfilumminagliananns usidlauvmiluaunisy
(2.28) azld

bk, G) = |k + Gn(k, G) (2.30)

azleinavasAn eigenvalue dmisumnin lneviimsgaumis 2 dravasaunisi (2.29)

Sk + G| k(6 — 6)(k + G)?n(k, G) = < |k + G'|n(k, G) (2.31)
CZ
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Favimsldaumsit (2.30) wilu n(k, G) TagynsdagUinale

Telk + G| k(G — Gk + GIb(k, 6) = 2 b(k,G") (2.32)

annsatheaudsulugusEnla
Ab =b (2.33)

a . =
1819 eigenvalue fig A = w?/c?

isaunsil (2.29) uay (232) NaiauﬁuaaLLamﬁﬂjehuﬂé'Uﬁaﬁﬂmiamgﬂaum‘st.ﬁalﬁ'maLaaaﬁjq
Fiauued eigenvalue NAUNSA (2.24) wae (2.32) Fnsufannisagldan eigenvalue
g 2 (w2/c?) navarldatanunnees hik, G) w3 bk, G) mugiu sl
warauwlminidnuasimiiouiuiessls eigenfrequency (k) sdunsathaneuna
#lagldaunsit (2.18) e (2.26) uaw (2.30) mad1dy nduhnisufaunsit (2.24) wie
(2.32) 9 ANl aInAasAAL (G AY29fuf ireducible  Brillouin Junisnyzans

. = = o
eigenmodes MunanNanLWlndng

Find the Fourier coefficients ic(m, , my)

¥

b Speciy k = K2+ Ky
¥

Construct the characteristic matrix

v

Solve eigenvalue problem to obtain

Eigerwaliues and eigenvectors

Group eigenvalues into bands and
Use symmetry operations to obtain
Solutions over the full BZ; eigenvectors
Can be used to obtain field distribution
Of eigenmodes within unit cell

o

JUN 2.8 faem (lowchart) dwdunmsdrnvesiaulassaiwaninlainduuy 2 47 logly

ABANTUYBAAUSTUIY
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. Supercell
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photonic crystal distributed periodically

U 2.10 lassarirevesuidesisadianuunniasuugndditnnslagnisld PWEM (6]

06 603 0 00 006
Wave vector & (270 '

JUT 2.11 mPlesegUilefeaduasmIuniiBdluuIn n) UNUATHNISNSEIUAT ) N3

nssrwaunlifwesaneeiadu (0.4% + 0.39)2n/a [6)

pndendunsiTsanmunndesuugslugUiefiwaduuy 2 fdfuszneul
Femsindeuuudviey 7 x 7 eauvidladidnminiuimsinatonely uwidleBidnadni
melugniadidnaiiladidnainidu 12.25 wagiivsanaudavniieil 0.2a wle a AeAnnsd
yosuanfiy Huianisnszarsvnsuauituansrstulunsdinisinelsdvssauinusindnaig
a1a919 (TM) azuamslugudl 211 n) vussu wk, 15vinisufaumslemnuiiieidos
dmsunnmesadunislu first Brillouin zone (FondmhewadifugUiediuad 7a x 7a
uagdrewmil first Brillouin zone sgfiuadnunnifieiisuiunsiivesuaniia) luguies
funmdiuntsnszanefaiuisuuivnngneludesiviniadnduas e udlewnuiils

FuauAuluuafiaanadasiureanneasaay k WotiudulvuamainadnsUaIAILUNNT B
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msdmdssuuunnvisuvesndninlnind dwandugud 2.13 n) PWEM Tnadeguiles
wadlagazfusuammanssateiifiuandugy 2.13 9) 35lu 4 Tnuaveaniingnuenaing
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633, 660, 1736 Uas 739 MU

anuannsofieglsdu Q galutiuadervesnnuunwiswuugalaaldifesianlad
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dne3nfadunuanifilaniuyeandninlaindin1is
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2.3.2 inuimssanuuudmviuaniftewdniviniind
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U 2.13 n) anuunnsesiuugafivsznevluiegorniammeldludanduay a)anu-

U

friusnsnszaneves PWEM Aildimafiaguiadioad ) Tnuslululwa (0.3681c/a) o) Tvun
lalwa (0.2748¢/a) 1) Inunaangina (0.3453c/a) way 2) Iunangiina (0.3832c/a) [6]

Q = — (2.34)

o £ Aewdsuiiulinielug, @ Rearufisleluud way P = —dE/dt AonninTzane

o v

dangueng nananteuilfeannmuineefusdfvuinees 2 Aunduiuunmesa

&

fl
gadondanuluauifgrveanisduresanuuiminliin aaniwwewnaesisliunuim
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ddglumsssnuuuildmmmmnuiugedirmiueneiuredianeiuarssuutafingn Taoan

J 1] C’f’ A at = el 2/t = kg
Q geazulaifensundullegniiafiwin dunawuldinsasRasannisdan Q

_ Jeenter
Q = feenter (235)

= - « P 1 } o 1
W19 frenter ABAUINANAMND Uaz Af ADAIATIHIIBIRUIAIUNTIY (FWHM) 989ALT
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Teuuudgegn faty Q geazaenndasiuanunitsesannduuaudidgeanvaaniag
lguund

TundniWladinduuy 2 §if Auunmessurnimasaiulvg asduilsituresiaumy
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|
Aay

2.4 psidurduwivdnlviveuas [3]

madunsassrduutadu 2 wda fe afusmusnuasaduniurn TnsadunIuen)
'«wﬁﬁﬁmwmﬂmﬁumaag’luﬁﬂmaLﬁmﬁuﬁ’uﬁﬁmwmmiﬁ"u‘uamaa LazARumLYINaY
fifimnsegluiisdmnfuiisneremsduranuas

WeAnwiamauiAiniauawesg 1wy wadadnavdtagidunld d 2 wedaldwud
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naseduldosiinlawuiae (FDTD) Teuansdanisuisyuuvasaunudvaniviialulamu
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sUfl 2.14 aduwsiwdnti 9]

oty wandadundumuvnuasdiusdunsdivdnliihwionds inmeiuanfuady
fuszneuluiie aunllvii B wazsuwwsivdn H #egu awdiuivis Euse H Sems
wWasuwasuuaiuleitazdulufirmsfemnfufiemn e snsfumnsve suam L L Z
Wonanii Linmed E sgdanndiuasfuiunnees H - Soarduuiiaiin ady
U (Plan wave) -
mﬂ'gﬂﬁ 2.14 dowsnduiilulufiemsanuununy z waifsaeseauimlniinig
wuunu x e fifluanadvesedunas 2 Wuauenindules Egidunaundgngedn laed
ARGty o = 2nf  weldnnnedfiaveiuiilide & = %Imaﬁmamawaa

aunsAAuwared E uay H sfsauns
E = Ep exp[~i(wt—k - 1)] (2.36)
H = Hyexp[—i{wt—k-1)] (2.37)

Toefl  E, Ao uoundynues E
H, fe ueundignves H
w A m’m?ﬁ%ﬁgu
r fle AweiTTasNIg

o & =
k A8 nnwmasiavnan
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Fl
2.4.1 aumInau
o ol 2 s o = o &
winfiansangneaulagedidnuuzauaunis y' = f(x") AIFUN 2.15(n) gnmaull
P ~ | o 8§ 2 o & o i o El
ngaildtussuufidn 0'(x',y") seandnliszuuifniidoudlunfeuqivgnedu y' = f(x')
ALLUIFIUNNI fedasidiasd v ifsufuszuvfide O(x,y) AegUR 2.17(0) Tunaued
] = an w d aw = o ' = = oo
wasuily augilignadudanearauiy yalaquugnaduduge P szlouldluszuufidn 0

waw O luseuuiiriaviaaesil dunimens P auduulddu

X' =x—vt
y =y
Y
/, ¥ = f")
o’ ¥
Q)
/X

0 o ,
i gaykmmaei X X

€1

- o A = A o A Ay I <
UM 2.15 () uansgnAauivigalis uag (1) gnAaUNLAGaURN BRI ILIIALN

¥
2/

° = | oo 2 4 4 4 o of ey =
whmafgussnivdine O alaminsgnaauiedeuiniisuily
y =y =fx)=fx—vt) (2.38)
winvn1sRasaunaumsasld

' y = f(x")
T4 x' = (x+ vt)

azlan




iinslinggnld (Chain rule) asls

dy _ of ax' _ of

9% 0X 0x  0X
dy of ox' of

= — =ty —
3t 9x ot ' ox

2 o & &0 o o . . g
wazdvinnsmeyWusaeuiides (second derivative) axld

(y) 6(§)ax 0 (af)_azf
6‘x2 ad ax ox  ox \ox'/ oxZ

W

azy_a(ay) ( )6x d (+ af) naN ¢ 9% f
otz at\at 3x' ot ax \—' (£v) =v* dx'2

v ol

Lﬁaﬁwmmﬁ&mLﬁaUNamaaauﬁuéﬁﬂﬂwaaaﬁqaaw3wm’1

9%f 2 a*f
ax2 ' 9x?
1 9%y  @*f

vZigx2  9x'?

Py 1%

ox2 v2 gt2

a1n1g (2.7) Buninaunsrgau (wave equation)
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« 4
2.5 sun1swingag [3]
o 1 2 = a o I3 ¢ Sy
wandundumimdnlifheiiands awsaeiurgldlaeldaunsuundiad ddldgn
& « 3 - o 1 o o 1 8F
UnauslilaguundiadluFawdundmdnlniuasasllunquijaduusiménlafiifie

anmansndinmans Tl aa. 1864 neflaunisalulugUeyiusdes 4 sunswdn

V.D(r,t) =p (2.40)
V.B(r,t) =0 (2.41)
VXEmY=-" (2.42)
VXHEO =]+ (2.43)

Tnedl  E Ao auladl
H A9 guiuuidivgn
D A9 Aunudusnanaglwi
p Ao ALl sl dasy

| A avamwiunssuald

-3 s D L4 ] a a -1 AQ =
nngresmddmivanuladwhiiismauimdndvesauliifiiwiuinaln

1 ﬂi’ |t§' b ar 5 dﬁ =y ] 5’!’ =t )
loqavdidnsiiauelaglituegiugunsaesiuiiola wiagluiuanumuiuussgmelu

H ALY
2
Spherical
ganssian \e "~ o AK.‘
surface

U 2.16 nguasmddmiuaunilaii [10]
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ifasanlududsvesanuduauinlwihaglaiwasiuvesenuduaunaindaly

HunUnazdudnmdiussnimasinvesssglvii fudwesimavesing A1 e Avduwed
=1 e . ar = @ = o a of s &

739 (Permitivity) vaeinn@asiiuiivsuenivimnaunienhlWihidinadeingiug Tne

Beuluguaunislénuaunisn (2.40)

Mnngradnddmsvauuniminilivsvindussawivinteusiivand

=2 =

X da = =1 [~ (3 P o 1 =4 ) ¥ & . 1 1w 3’
Wuwﬂﬂﬂﬂlﬂ‘]ﬁlxﬂﬂ%ﬂuﬂﬁﬂLﬂﬁ.l?] L‘LJEN"ﬂ’lﬂLﬁULLi\‘ILLﬁJLMﬂﬂT!\'lL‘LI']N'lUG]’iNﬁJﬁ']L‘Iﬂ’]ﬂULﬁ‘uLL‘N

1 o a _a ° v ad 1 a a = oo <
wividnfivisesnainiate Snnuiduuseviehuiindelagdelidndugud saunsd (2.41)

= g a w L]
JUT 2.17 ngueamddmniuauuutdivin [10]

aums (2.41) uaadliitupinauandessrinsauuwimdnuagiudn llausawy
G 1 doa I = R S I YL oA P v oo v a
Twsivandass (wimaniiduniioviotilaiivsed1aied) miloutunlanulseqdasy
¢ A [ S = - o f ¥ a
NNHIIITUAY IpatNLlwaniaNSaYULUaIm a1 smTsdn AR

auwnalwilmuseuauwivan Wy Tuasadnlvduses

JUN 2.18 vnadnleduoun
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dihwiandnladmnesatn aunuudwmdnuinaunainesinty (Wasullamiu
1a1) AeiilfAemnuldihuyunseuminuwdudn Seildnssudluvaaainnisivald
asuaInld
e o = = =) o LY
nnguaduenkUsillaguinlniiinnisidsundaswiuialasmilenbiia
aunausimanIsuaussuaunlui
- = = g 1 s Y = % 0 3
dawSeuiilguanms (2.42) wag (2.43) awiviniidnvueaseatatuuin dldamny
wuwiunseuatvi | luaunns (2.03) fdwifugud asfiuinisdsuiasaundiniyi
=y ) 1) L2 1 A E; o ¥ o
THAngunuwiven Wudertuauuidminidnsidsunlayhlfifnaunini
= w w P~ = g a | o
e Taniinariildlunsfondesfinsanifidnvasiiduwuuauuinsnaen
1 ot -] ot u’j A = LPL ot at 1 4 t o ar 1 ¥
Tiugianh deiy WeRasansnaueawdilusinaidiaewanis szwuitluiandanaisvaiil
aelifiuszBasy vitli p = 0 vasliflanmaraninszua il 6 = 0 daduarumudy

wgenszud Judu | = 0478 wsd1 ] = oF disunuasluaunisasld

V.D(r,t) = 0 (2.44)
V.B(r,t) = 0 (2.45)
VXE®nY=—2 (2.46)
VxHEH =2 (2.47)

w o«

naunswivdnluiie ¢ Wunquijawmwdmaniibiwammunanlugueseyiug

]

go8 Inoulseanididy 2 dawldud dulanefiauluaumss (2.44) fu (2.45) wasdrufida
Tuaunnsi (2.46) fu (2.47)

w ¢ LY 4

Feisaasdiuiiazinnuduiusduassauinlufwazauruwingn saaudunus

ar

sew19 D U E uay B Ay H TuFan eail

D = ggyE (2.48)
B = npyH (2.49)
Togii g, Ao Amssladidnainlugnanme

b

] a a

g fn Aesdaladianainduiuduacian

= Vo=

o AB Adugnuniuidnusagane

W Ao AduenunaLivinupsTae
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Slothaumsf (2.48)uas(2.49) unuadluaums (2.46)uav(2.47) aeldauntsi (2.50) uas
(2.51)

a
VXE@6) = —ppo o (2.50)
V X H(r, t) = ggq % (2.51)

n:! 5 -] [ -3 o n’) A:I at er ]
Tnanatuaurnagndsniuianastazdaiunuadaduiindunianinududou uwa
Wigsanaunisuundasiduauniswuudaduvinldaunsanenfiansaniaiduniaian
wazantumsinwnislaagraivdase TeeRansurinduaniy Lmua'lﬁuﬁﬂimm’[,ugﬂmnu

Wdlwe st BedpuYaIaNNISARLTEUNY AYENNTTA (2.52) uay (2.53)

H(r,t) = H(r)e ot (2.52)

E(r,t) = E(r)e ot (2.53)
ilouwnumannsi (2.52) uaz (2.53) luaumsi (2.50uae (2.51) aeld

V X E(r) = iwugH(r) (2.54)

V x H(r) = —iwgye(r)E(r) (2.55)

NAUNTH (2.50) waz (2.51) 15EusananflLUs ianiainau

oH
V x E = —"I‘I'UE
BH
Vx (VXE) = —HoV X -
32
VZE = Souo?f (2.56)
Tuusadeiuagta
2
V2H = g0 2.57)

a2
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PnthnsAsaauns? (2.54) Wemdn H(r) sonlayld
Vx (VXE([@) =iop(VxHD)

1 w?
%V XVX E(I') = -EZ—E(I‘) (2.58)

wagvnaAtasuns (2.55) wWafda E(r) oonlagla

V X H(r) = —iwege(r)E(r)

1 w?
VX EV X H(I‘) = FH(I‘) (2.59)

aun19 (2.58)ua2(2.59) Feaunsudn FeanunsmilumusnmAnamasanlony
shemsuitgmeleiny Wepdussuudumaudilulufinanstanlasadednlninind
Tnertalunisunsnizorevesaiussuvlundnlnlndnduvy 3 37 sxflesdusznavaes
auruliiiuazauinwimdniduluniungferan Tasd 6 aandsznou ldun
(Hy, Hy, H,, Ey, B, E,)

wiagrdlsinudmsunaniviafinduuy 1 uas 2§ arunsodamuiangveanis
wninszanerdulidy 2 Tnuediuandnaiy s

TusaduiiiuurauawilinieminensTransverse  ElecticTE)  @slunsdii
auimanzgnitinegluluissuy xz el 3 ssrusenauie Hy, By, H,

PNENMT (2.60) Helmholtz equations aeldaun1s 2.61)

V2 X E(r) = :—;E(r) (2.60)

62 62 2
[ﬁ"_@z"] E, +£':_2Ez =0 (2.61)

Pnaumsi (2.61) wuhaunsasduatdlifidedlan E, = 0 wansiazlifiausluihagly

ﬁﬂmqm‘iLLwéﬂismwamé"uLwi%ﬁl,awwau’tmuimﬁﬂ@QLﬁqfu
dudnivandeluunaduiifisuiauuudwinmemnueaTransverse Magnetic:TM)

%ﬂiuﬂiﬁﬁauﬂﬂw%%gmﬁﬁ’ﬂaquluuu’:ﬁzmu xz \meil 3 saAUsznavde By, Hy, E,

INEUMT (2.62) Helmholtz equations ldfaunsi (2.63)

VZx H(r) = —:‘;;H(r) (2.62)




31

2 | o2 w?
[ﬁ + B_yz] H, + C_ZHZ =0 (2.63)
= ' & = va oA J 1 19 ' =
Mnaum i 2.63nuTnaunsasiiuaidldfdadiad H, = 0 wamednazldfautauaimén
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At [ n-1 1 n— 1
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Wavelength (um) Imaginary part CL (dB/m) | CL (dB/km)
1.20 1.03731534964163 x 10 | 0.000366 | 0.366181
1.25 2.44241581576939 x 10~ | 0.000859 | 0.859117
1.30 4.67567159538928 x 10 | 0.001648 | 1.647815
1.35 7.78310038013675 x 10 | 0.002739 | 2.739316
1.40 9.31799620697813 x 107 | 0.003282 | 3.281545
1.45 1,81281514600144 x 10 |  0.000064 0.06373
1.50 3.9530910373961 x 10~ | 0000139 | 0.139078
1.55 5.80571610014303x 10~ | 0000205 | 0.204568
1.60 5.96748068720785 x 10~ | 0.000021 | 0.021011
1.65 6.79369942039499 x 10 | 0.000239 | 0.239074
1.70 5.23982023657987 x 10~ | 0000184 | 0.184499
1.75 4.90391903854451 x 107~ | 0.000173 | 0.172528
1.80 -8.42569968420436 x 10" | -0.00297 -0.29682
1.85 -1.67490270427142 x 10 | -0.00059 | -0.58800
1.90 -4.93772553497656 x 107 | -0.00174 | -1.73936
1.95 -7.50201213279661 x 10~ | -0.00265 -2.65481
2.00 -9.07082335250592 x 107 | -0.00319 | -3.19352

Confinement loss(dB/km)
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wavelength(2)
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Wavelength (um) Imaginary part CL{dB/m) | CL (dB/km)
1.20 2.5470331845751 x 10 | 0.000898 | 0.897848
1.25 3.68575483719777 x 10 | 0.001299 1.299238
1.30 5.50297370722941 x 107 | 0.001937 1.936534
1.35 8.44544183554157 x 10~ | 0.002975 | 2.975221
1.40 8.1062284019397 x 107~ | 0.002856 2.855508
1.45 6.77967282443579 x 10~ | 0.000239 | 0.238722
1.50 8.44504183554157 x 107~ | 0.000298 0.297522
1.55 1.3953336018254 x 10~ | 0.000155 | 0.154923
1.60 8.63929748322651 x 107 | 0.000030 | 0.030421
1.65 8.44544183554157 x 10°° | 0.000298 0.297522
1.70 6.77967282443579 x 107 | 0.000239 | 0238722
1.75 5.50297370722941 x 10°° | 0.000194 | 0.193653
1.80 -3,14740329980666 x 10 | -0.00111 1.10911
1.85 -6.46839550127761 x 10" |  -0.00228 -2.27807
1.90 -8.62653030160925 x 10 | -0.00304 -3.03860
1.95 -9.59937118180348 x 10 | -0.00338 -3.37991
2.00 -9.83334814732594 x 107 | -0.00346 -3.46111
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Wavelength (um) Imaginary part CL{dB/m) | CL (dB/km)
1.20 1.12388626697219 x 10~ |  0.000394 0.394349
1.25 2.93840059149171 x 10 | 0.001035 1.035166
1.30 4.98010290620996 x 10~ |  0.001753 1.753444
1.35 6.12568400346197 x 10— |  0.002158 2.158355
1.40 9.82584284994562 x 10" |  0.003461 3461115
1.45 5.41852705294077 x 10°° | 0.000191 0.190837
1.50 6.79442045570943 x 10 - | 0.000239 0.239074
1.55 9.2831838736915 x 10 0.000327 0.326746
1.60 4.7222165794738 x 10 | 0.000016 0.016627
1.65 6.1760536614737 x 10~ | 0.000218 0.217596
1.70 4.43705382191957 x 10~ |  0.000156 0.156331
1.75 2.9807363807978 x 10~ |  0.000105 0.104925
1.80 -9.96989827574268 x 10+ | -0.00035 035104
1.85 -2.02162106480496 x 10 | -0.00071 071124
1.90 -5.10647606469101 x 107 |  -0.0018 -1.79922
1.95 7.16742420223072 x 10 | -0.00252 _2.52454
2.00 -9.14504856161885 x 10" | -0.00322 3.22169
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Abstract
This paper investigated the confinement loss of hexagonal lattice by structure designed of pitch,
shape of holes and air holes size of Large Mode Area (LMA) holey fiber with hexagonal
arrangement. it’s made from pure silica. By using the OptiFDTD programming based on the
finite-difference time-domain (FDTD) method and its wavelength is 1.55 micron, the result of
simulation shown that the confinement loss was proportional to changing pitch, shape of holes
and air holes size.

Keywords: Holey fiber, photonic crystal fiber, confinement loss, finite difference time domain

Introduction
Photonic crystal fiber (PCF) is optical waveguide of fiber based on the properties of 2-D
photonic crystal which a 2-D photonic erystal is periodic along two directions. PCF is an
arrangement of air hole and PCF has been used light confinement in hollow core methods to
propagate light. PCF is now finding application in fiber optic communication, high power laser
and nonlinear devices [1]. Moreover. PCF is also known as holey fiber. Holey Fiber (HF) are
microstructires that solid core surrounded by cladding determined by array of air holes and
guide light of holey fiber have core and cladding that difference effective refractive index and
can be made from single-material typically pure silica by hole which are of a similar size to the
wavelength of light when light of different wavelengths can be passed. As a resulf, Holey fibers
have experienced loss of less than conventional fibers.

oono‘

Fig. 1. Structure of holey fiber in hexagonal arrangement
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Holey fiber is defined by parameter A is the lattice period. r is radius of air hole and d is
diameter of air hole. As shown in Fig.1

In this paper we studied confinement loss in five rings hexagonal arrangement holey fiber by
varying the pitch, shape of holes and air holes size. In addition, the solid core was designed and
the simulated used the OptiFDTD programing based on the finite-difference time-domain
(FDTD) method by changed difference diameter of the hole and piich in the PCF which
comparative fo achieve very low confinement loss by evaluated for TE and TM of holes core.

Analysis method and modelling of 2-D photonic crystal fiber

Light is an electromagnetic wave which can be described by the following the Maxwell’s
equations and electromagnetic theory is summarized in the following mathematical equation.
‘The general equations in partial differential equation are given by[2]

VD=0 )
VB=90 )
VxE =_§€ 3)
or
ab
VxH —-é—r- (4)

Where, E is the electric field and H is the magnetic field. respectively. The electric and
magnetic fields are associated: D=¢E and B=/H. where ¢ is the dielectric permittivity and p is
the magnetic permeability. Then, the wave equation for E and H can be presented at the
following:

3K
ViE=py—— 5
v %)

. &H
V'H =gu 3 (6)

Therefore, the electric and magnetic fields of a mode can be written as follows
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E = Ejerite= €))
and
H=H = (8)

Where E and A arc the mode ficld profiles, o is the angular frequency of the wave, A is

"
the wavelength of light, then k= :;'1 is propagation constant.

3

We consider the fraction of PCF. The refractive index have been taken to be n=1.46,
wavelength A=1.55um. pitch to 2.0 ym. The diameter in the PCF is varied in which d=0.5pm

when normalized hole diameter is equal to 0.25pm, as shown in the structural of five rings
hexagonal in Fig, 2.
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Fig. 2. Structural design of 2-D photonic crystal fiber waveguide with d=0.5 pm.
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Fig. 3. Structural design of 2-D photonic crystal fiber waveguide with d=0.3 um.
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In figure 3. We have changed the normalized hole diameter in the PCF. The nonmnalized hole
diameter is varted equal to 0.15um.

DEOODB®O
SRCRCRCR Y X
@@oco000B®®
@@ ocovcoo0o0@®
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Fig. 4. Structural design of 2-D photonic crystal fiber waveguide with d1,d2.63=0.3 pm and
d44,d5=0.5 ym
In figure 4. We have again changed the normalized hole diameter of inside 3-layer in the PCF.
The normalized hole diameter of 3-layer is varied equal to 0.15 pm and outer 2-layer equal to
0.25 pm. Then, we have calculated confinement loss. The confinement loss was calculated
from the imaginary part (Inz), using the following equation:[3]

20
CL :mhhn(nw):&ﬁ%kﬂm(ng)

Where, CL is confinement loss, &, is the propagaiion constant, Im[n ‘fj is the umaginary part
of effective refractive index,

Afier simulation by using OptiFDTD programing we have found the lowest confinement loss is
0.016627 dB/km. Then. we have plotted confinement loss. as shown in Fig. 5.
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Fig. 5. Confinement loss for five rings hexagonal PCF

Conclusion
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In this paper, we have proposed the design waveguide of fibers. The normalized hole diamester
and pitch is varied by analyzed confinement loss. The result shows that the comparative
between the normalized hole diameter in 5-layer balanced and the normalized diameter in
various layers of hexagonal different. we have been found when the diameter of inside 3-layer
and outer 2-layer is changed to low confinement loss. The proposed PCF is useful for the
applications in non-linear, bio-semsing, opfical sensing, display devices, communication
systems, etc.
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