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Geometry of a Single Core Layer Cylindrical Waveguide

cladding

Maxwell’s Equations: V x El — —‘-jw,u.gﬁi.
V x ﬁ.l- = +jwfg'nfE_';. 1 =1,2

Helmholtz’s Equation: VQE'; + A’.gnfﬂ — 0, (1 =1,2)

Eé. — Eti + Bz = [E-r-i?: + E.;;:».iﬂ + LBz, (1=1,2)
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Single Core Layer Cylindrical Waveguide

Helmholtz’s Equations for Transverse and Longitudinal Components

V2E, + fcg-nffm = 0.
V2E.: + f.:gn?Ezi = 0, (i=1,2)

1

Vgﬁﬁ—b—kgn?ﬁti = 0,
V2H.; + k2n?H, = 0, (i=1,2)

Expressions for Longitudinal Components

E;::i — E;::t' (?.1 Q})E_iﬂzv
Hzi — Hﬁ:i(?-: [:f}')ﬂ_j'ﬂz.} (1 — 1,2)
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Single Core Layer Cylindrical Waveguide

Relations of Transverse and Longitudinal Components
Maxwell’s Curl Equations

—— 10FEy; = —jwuoH,;.
" 00 TP Ly JWitoHy;,
| JE.;
BB — T2 = —jwpeHy,
J 6?’ JW o Q1
1 a ,E '.i 1 E_}ET?, .
10(rfe) _ 10 = = —jwpoH.,
r Or r Jdo
10H.;
— = JHz = JWE QEH
. ‘}H—zi ‘
_]',.*"j)Hr-i — ¢ - _— +‘-}wegn.§E¢¢,
Or
18 ’H i ]_ @Hm- )
—(?.—{;) ———= = +jweniEs;.
ro Or r Jo :

Prof. Elias N. Glytsis, School of ECE, NTUA



Single Core Layer Cylindrical Waveguide

Transverse Field Components as Functions of
Longitudinal Field Components

B j'} -{-}Ez-g n Wl 1 é)Hzi-
 Rn2 =52 or B or 0o |’
o j'} -1 aEm' B Wy E)Hzi ]
B2 =52 r 09 B ar |’
B jB [0H.  weoni 1OE,;]
B2 —p2 | or goor do |
B j';" 1 asz n {.LJE[]'??? @Ez.i_
kinZ — 32 |r 0¢ g or
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Single Core Layer Cylindrical Waveguide

Longitudinal Electric Field Component

O*E,;  10E,; 1 0%°E,

Or? o Or r2 0¢?

+ (kini — B E,; = 0.

Separation of Variables

E.i = Ri(r)®:(¢)

d*®;
do?

2?: 1 : 2
dR+ dR+(k;§n§— 2—’/—>Ri = 0, (i

+ AP, = 0,

dr? r dr 72
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Single Core Layer Cylindrical Waveguide Field Solutions

Azimuthal and Radial Solutions

D;(0) = Cie™ + Dje %, (i=1,2)

Al (qr) + B;Y, (qr), ¢*=kin? — 3%, if (3 < kgn;,

Ri(r) =
AL (qr) + BiK, (qr), ¢* =% —kin?, if 3> kons,

Transverse Electric Field Component Solution

E.; = [AC,(qr) + B;D,(qr)] [CI-E_I_"W{? + Dz—e_ﬁ"f’]
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Oscillatory Bessel Functions Behavior (J, and Y,)

1 T T T T T T T
JD
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a _J3
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b

Bessel Function Y

-3 I 1 1 1 1 I 1 1 1

0 1 2 3 4 5 6 7 8 9 10
Variable qr
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and K

Bessel Functions |

1/

.4

-9

o
(3]

W

na
(3]

Modified Bessel Functions Behavior (I, and K|)

0.5 1 1.5 2 2.5
Variable qr
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Single Core Layer Cylindrical Waveguide Field Solutions

Guided Modes Condition

0 < k@??-g < J < kﬂﬂ.l

Core-Region Longitudinal Field Components (r < a)

E. = A, (kr) [Celeﬂ”"ﬁ + Dgle_j”ﬂ exp(—j/3z),
H., = F1J,,(H.?') [Ch1e+ﬁf¢ —+ Dhlﬂ_jm'ﬁ] E}{p(—j_ﬁ;‘:),

K= [kgnf—ﬁg]lf’?

Cladding-Region Longitudinal Field Components (r > a)
Ezﬂ — BE I{v(ﬂﬁ.) :CEZE-I_jV@ + DEEE_jmﬂ e};p(_jﬁzjs
H., = G2K,(yr) |Choe™"? + Dpoe 7] exp(—jfz),

v = [B% = k2n2)V2,
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Single Core Layer Cylindrical Waveguide Boundary Conditions

z-component of Electric field (E,) atr=a

ArJ,(ka) [Caet?® + Dae ] =  ByK,(ya) [Copet"® + Dope 9] |
which implies,
ArJy(ka) = BaK,(va),
C,=Cs=C, and D, =D, = D,,

z-component of Magnetic field (H,) atr=a

FiJ,(ka) [Cre™" + Due ] = GyK,(va) [Crae™"? + Dyge™ 7],
which implies,
FiJ,(ka) = GyK,(va),
Chi = Che=Cp and Dy = Dyg = Dy,
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kgnl — 32

;}?{BZJUKV( ) [O €+Jvd) Dﬂe_ﬂﬂ:ﬁ] o

Single Core Layer Cylindrical Waveguide Boundary Conditions

¢-component of Electric field (E,) atr=a

{Alf’ ZJ(ka) [Coe™® — Doe ]

which implies,

i wgﬂ J,(ka) [Che™7? + Dpe %] } =
W arf{;(“ra) [Che"'j”‘-f’ 4 Dhe—jv.;':] }]

>3

—Jjp Jv who 51
W{Al—tjp(ﬁﬂ) — F] J V(ﬁ';ﬂ)} —
-1 Ju Lu 140
T JE{BQ K,(ya) - T ,fa)} —
By 3
v T, (wa) + Flf"“’"“”f (ka) = BQT;,I L (va) + ng K (ya),
CE } DE .'_ } .'
C, Dy ‘T
C.=C,=C and D,=-D, =D,
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Single Core Layer Cylindrical Waveguide Boundary Conditions

d-component of Magnetic field (H¢) atr=a

—iB v +jve el _ weoni ., i e | _
—— ,-32{Fl Ty (ka) [C97 4+ D] — Ayl (ra) [Cet 4 D) }=
I LBk o) (G s el GO g o) (i Dy

k2ng — ,-32{@9 2 o) [Ce™+ D] — Gr=gmaKG (ya) [Ce™ o+ D] }
which implies,
B Jjweeny 151720 jwegns
Fy——J,(ka) — A, J,(ka) = Gy——5K,(ya) — By K (va)
K=l A —"}- (1l _"}f
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Single Core Layer Cylindrical Waveguide Dispersion Equation

Guided Modes Condition 0 < kong < 3 < kony
J,(ka) 0 —K,(va) 0 ]
0 J,(Kka) 0 — K, (va) C A
v Jw o B Jw o L
—Ju(ka)  ——J(ka)  —-K.,(ya) /K (ya) By
K2a K v2a 3 G
- 2 -
R P
IO gy g (wa) 2 K a) DK (9a)
K K*a 0 ma |
A(z;,v)

det {,ﬁi(_ﬁ, y)} =0
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Single Core Layer Cylindrical Waveguide Dispersion Equation

N K] (va) ] [
TL
yaK,(ya)

[ J (ka)

kaJ,(ka)

2 L’ilr;rjlx('ﬁ:ﬂ)

'kal,(ka)

K202

g 200 ]

. IBEL".Z 1 1
2 vaK,(ya)|

_|_
2 ~2a2
kS y2a

:

Relations between coefficients
Bs

~

T2

1 1 !
(HE{IE T ";;“2{1-2) [H.GJ,,(HG)

P o= 708V
Witg
L waD 2 J;ri(ﬁﬂ)
b= Bv [nl raJ,(ka)

_|_

Jy(ka)
K, (va)
Jy ( f":a')
Ky (va)

Ay,

F.

J! (ka) N

K(ya) 17
- "4'1'.'
vak, (ya)

. K’ (va) 1 1\

2 v/ A
" ?“:"-I'KV(HI"‘-I')] (HE"IE N 1{,2{1‘2) v
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Single Core Layer Cylindrical Waveguide Dispersion Equation

Case of v=0: TE,, and TM,,,, Guided Modes

Jo(ra) K (va) ] [ o Jolka) o Ko(ya) |
\H}CLJQ(HJCL) vaKo(va) Yrado(ka) “vaKo(ya)

o N o

"

T gF

Relations between coefficients

B, — .JP(h:a) A — 0,
Ko(va)
Jo(ka)
Gy — Fr = 0
2 }\’U(H/a) l 7
p [ Alr) | Kiew) |
rkado(ka)  ~vaKo(va)
/(o (A 1
A [n? Jo(ra) : Ko(va) _—
kado(ka) ~yaKo(va)
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Single Core Layer Cylindrical Waveguide Dispersion Equation

Case of v=0: TE,, and TM,, Guided Modes

Ji(ka) N Ki(ya) 0

kaJy(ka) vaKy(ya)
5 Ji(ka) , Ki(va)
2 2 )
" kaJy(ka) i yaKo(vya)

for T'Eo,n.

= 0, for T'My,,,.
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Single Core Layer Cylindrical Waveguide Dispersion Equation

Case of v#0: EH,, and HE, A Guided Modes

Dispersion Equation for EH,,, Guided Modes

Ja(ka)  n2+nd Ki(ya) (53— R)

kad,(ka)  2n? vaK,(va) K2a?

Dispersion Equation for HE,,, Guided Modes

J,_1(ka n?+n2 K'(va v
1( ) . 1) - 2 yr( / ) 4+ ( R) !
raJy(ka) 2ny  yaliy(va)

r2a?
9 2\ 2 - 2 . 2 - - 2
, ny —n K (va) V(3 1 |
with R = L2 T + : —
[ ( 2n7 ) ( yal,(va) ) niko r2a?  yra?
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TE

om and TM, . Guided Modes
Electric & Magnetic Fields

TE,,, Guided Modes

I

N 7

for 0 <7r < o0,

for 0 <7r < o0,

Gt ( ?7 0>K6(W’)€jﬁ°mz, r>a
By Jo(kr)e=i%m= 0 <r <a,

GaKo(yr)e™om=, 7> a

v
for 0 <r < oo,
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TE

om and TM, . Guided Modes
Electric & Magnetic Fields

TM,,,, Guided Modes

A do(kr)e™ 8= 0 < r <a,

ByKo(yr)e=i%m'=, 1> a

Ay (lﬁ) J(kr)e=P%m'2 0 <r <a,
K
Y
for 0 <7r < oo,

for 0 <7 < o0,

for 0 <7r < oo,
Al —jkon%
Z() K

)Jé(ﬁ;r)e_jﬁgﬂyz, 0<r<a,

B2 (‘ijo?’b%

Kl(yr)e%m' > q
2 (2 ) wy00m
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r &

z

Normalized Fields,H ,H , E
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o
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TE,, Guided Mode: n, = 1.50, n, = 1.47, a = 5pm, A, = 1.55um

TE

om and TM, . Guided Modes
Electric & Magnetic Fields

TE01’ n1 =1.5, nz =1.47,a=5um, ).0 =1.55pm, N = 1.4913 TE01’
— ; . : 10 ¢
e ~
r/ \\ Hz
\
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" ‘\ E9~5 7
’

P L I
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2 4

6

Radial Distance, r (um)
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Power, n, = 1.5, n,= 1.47,a=5um, ,\o =1.55um, N = 1.4913
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TE,, and TM,, Guided Modes

Electric & Magnetic Fields

TE,, Guided Mode: n, =1.50, n, = 1.47, a = 5um, A, = 1.55um

TE

H,.H Fields,n =15,n,=147,a=5um, A =1.55um, N = 1.4913 1(‘)I'EN, E, E, Fields,n =15 n, =147 a=5um, A =1.55:m, N =1.4913

/ ] B —

N\

01’
T

10 -

f"‘f,'"’{‘.‘f;
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r ]

z

Normalized Fields,H_,H , E

o
3]
.

o

]
e
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-1

TE

Om

and TM,,,, Guided Modes

Electric & Magnetic Fields

TE,, Guided Mode: n, =1.50, n, = 1.47, a =5um, A, = 1.55um

TEnz’ n = 1.5, n,= 1.47,a=5um, A= 1.55pum, N = 1.4728
{' "\\I T 1 T T 10_
’ ‘ !
’ 1 1 H
\ 1 z
] 1 1 _...Hr
' \ 1
' \ E. | 6
' ' : ¢
¥ 1
' 1
. 1
' 1 2
1
1
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TEM, Power, n, = 1.5, n,= 1.47,a=5um, AD =1.55um, N = 1.4728

1

10.9

10.8
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TE

Om

and TM,,, Guided Modes

Electric & Magnetic Fields
TE,, Guided Mode: n, =1.50, n, = 1.47, a = 5um, A, = 1.55pm

TE

02’

H,, H"r Fields, n, =1.5,n,=1.47,a=5pm, A = 1.55sm, N = 1.4728

-5 0 5

10

TE .E , Ev Fields, n = 1.5, n,= 1.47,a=5um, )‘0 =1.55um, N = 1.4728

02" "x

= =

270

-

-5
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r ]

2z

Normalized Fields, E_,E ,H
o
[4,]

-1

TE

Om

Electric & Magnetic Fields

and TM,,, Guided Modes

TM,, & TM,, Guided Modes: n, = 1.50, n, =1.47,a =5um, A, = 1.55pm

™. n =15 _nz =1.47,a=5um, A =1.55um, N = 1.4913

™, n, =1.5,n,=147,a=5um, A =1.55um, N = 1.4727

2 4 6
Radial Distance, r (um)

1 T
1
! E
] z
1 ---F
2. ' r
I,I_ 0.5+ , H,
w 1
N 1
w 1
h 1
I
2 0r 1
(IS 1 -
o 1 L
@ =
o R
@ 1
E 05 el
= 1
1
1
1
1
_1 L 1 L L
8 10 0 2 4 6 8 10

Prof. Elias N. Glytsis, School of ECE, NTUA

Radial Distance, r (um)

25



EH,, and HE,, Guided Modes
Electric Fields
(AT (kr) [e(d)e™Pm2, 0 <1 < a,
I, — X
\ B2]{V(’Yr)fﬁ(qb)c_}ﬁmnza r 2 a
([ ko J, (K1) ] :
—jA1£JL(h;fr')+ZnF1V—O (1) fol@)e™Pm= 0 < r < q,
B, =
I ko K, (vr)] . ‘
B2 K o) — 2y 2 O gyemsns 5
L L v Y yroo |
(] j']y y . k .
4,28 2) +yana—“JL(m')] fa(@)e™Pm= 0 <r<a,
| K RT K
Ey —
] K " |
BRI 2GR o) | (@), 2 a
(L Yoo g
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EH,, and HE,,6 Guided Modes
Magnetic Fields

1,

EyJ, (k1) fu(d)e™Pmz 0 <r < a,

\ szyu(r)/T'),ffa (Qb)c_jﬁ”"-"‘? T 2 a

— 31 E,]L(ﬁ:fr)
K

Ay vkon? j[,(M")
Zo K

]ﬁ(kﬂmw,OSTgm

By vkon3 K, (yr)
Zo yr

3
sz%K;wﬂ T

[ @, 2

P vB J,(kr) A kon?
Kk KT ZU K

]’(hr)]j (¢p)e=IPvm=, 0<r<a,

PR B R )| e, 2

i vooor 2o

cos(vo) jsin(vo)
Je(9) = fn(9)
sin(vo) —J cos(vo)
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HE,;, Guided Mode Electric & Magnetic Fields

n, =1.50, n,=1.47,a=5um, A\; = 1.55um

o]
e
(5]

r

MNormalized Fields, E_,E , E.

HE,,.n,=1.5n,=147 a=5um, A\ =1.55um, N = 1.4965 1 HE,,.n, =1.5n,=1.47,a=5;m, Aj=1.55:m, N = 1.4965
T T T T T I T T

| —H,
|

I“E'r | - _Hr

-~ 05¢ : H,
T |
M
I |
Iy |
y I
o 0 I
L I
B 1
N S
5 057 g |
z |
|
|
) \ I
- -1 t
0 2 4
Radial Distance, r (zz:m) Radial Distance, r (;zm)
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HE,;; Guided Mode Electric & Magnetic Fields
n, =1.50,n,=1.47,a=5um, A\; = 1.55um

11°E, fie sin(rg «Nny=15,n,=147, a=5um, A, =1.55um, N=1. 11°E, fie sin{ug Ny =15, n,=147, a=5um, A, =1.55um, N=1.
HE, . -E, field [sin(1¢)] 1.5 1.47,a=5um, A = 1.55.m, N = 1.4965 HE, . -E, field [sin(i¢)] 1.5 1.47,a=5um, A = 1.55.m, N = 1.4965
10 - - o T
TP TP P L T T A T
Y T T R
W, ']H U h Y i
ooy Y
| o {
5 H*J l]ll “1] ”h 1‘1 lll] llll 111 H‘i J“ W
T TR T R | !
! | hoo
| (TR }
H] ot l

-5

|
PRI T TR T T
| }
t *l” I“l Y Wy (!
| ‘l] Wl 4 I 4 J|| H ]l | l]
10 . . L PO WAL TP TUUAL] VM TOUM TP T TR PRIV
-10 -5 0 5 10 -3.5 -3 -2.5 -2

X X

HE“-Ht field [sin(rv)], n,= 1.5, n,= 1.47, a= 5um, '\o =1.55m, N = 1.4965
10 - y

-10 -5 0 5 10
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HE,, Guided Mode Poynting Vector
n,=1.50,n,=1.47,a=>5um, A, =1.55um

HE, -P, [sin(v¢)], n, =1.5,n, = 1.47, a= 5;m, A = 1.55m, N = 1.4965

107 1
1 0.9
6 10.8
10.7
2] 10.6
= 0.5
27 0.4
0.3
6 r 0.2
0.1

-10
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MNormalized Fields, E_, E

e
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HE,, Guided Mode Electric & Magnetic Fields

n, =1.50, n,=1.47,a=5um, A\; = 1.55um

1=1.5,n,=147, a=5um, A, =1.55pm, N = 1.4823

4 6 3
Radial Distance, r (zm)
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Normalized Fields, H ,H , H
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1=1.5,n,=147, a=5um, A, =1.55pm, N = 1.4823
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b
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HE,, Guided Mode Electric & Magnetic Fields

n, =1.50, n, =1.47,a=5um, A\; = 1.55pm

-10 : : -
-10 5 0 5 10 -4 3.5 3

HE,,-H, field [sin(vg)], n, = 1.5,n, = 1.47,a= 5um, A  =1.55um, N=1.4823  HE,-H field [sin(v)], n, = 1.5,n, = 1.47,a= 5um, A = 1.55,m, N = 1.4823
10 | ' 45[~

-10 -5 0 5 10
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HE,, Guided Mode Poynting Vector
n,=1.50,n,=1.47,a=>5um, A, =1.55um

HE, P, [sin(v$)], n, = 1.5,n,=1.47, a= 5um, A =1.55,m, N = 1.4?.‘23

10.9
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10.7

1 0.6
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0.1

Prof. Elias N. Glytsis, School of ECE, NTUA



r o]

MNormalized Fields, E ,E , E .

EH11’

n,=15n,=147 a=5um, A, =1.55um, N = 1.4845 EH

EH,, Guided Mode Electric & Magnetic Fields

n, =1.50, n,=1.47,a=5um, A\; = 1.55um

1y = 1.5, n,= 1.47, a= 5pm, A= 1.55um, N = 1.4845

T '\ T T T
I“E:-
~ 057
T
N
T
w
o
© of
iz
ye]
5]
N
! E
0.5+ | 1 5 051
I =z
|
|
|
-1 1 I 1 1 -1
0 4 6 8 10 0
Radial Distance, r (;zm) Radial Distance, r (;zm)
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EH,, Guided Mode Electric & Magnetic Fields
n, =1.50, n, =1.47,a=5um, A, = 1.55um

EH,,E, field [sin(v¢)],n, =1.5,n,=1.47, a=5um, A =1.55um, N=1.48¢  EH_,-H, field [sin(vg)], n, = 1.5, n, = 1.47, a= 5um, A = 1.55.m, N = 1.4845
10 F - 3 10 T T

-5 i o

EH, P, [sin(vg)], n, = 1.5, n, = 1.47, a= 5um, A = 1.55um, N = 1.4845
10 —1

6 10.8
2 1 0.6
-
-2 0.4
-6 0.2
10 0
10 6 2 2 6 10
X
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r o]

MNormalized Fields, E ,E , E .

EH,, Guided Mode Electric & Magnetic Fields

n, =1.50, n,=1.47,a=5um, A\; = 1.55um

EH,,.n, =1.5,n,=1.47, a= 5um, A = 1.55.m, N = 1.4765
- T I T T
| —E,
|
k, ---E
1 E |
I qﬁ
|
|
|
|
|
|
|
|
| N
|
|
|
|
1 1 I 1 1
2 4 6 8 10

Radial Distance, r (;zm)
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Normalized Fields, H ,H , H

e
n

290 N

1=1.5,n,=147, a=5um, Aj=1.55um, N = 1.4765

T —\ T T T

Radial Distance, r (zz:m)
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EH,, Guided Mode Electric & Magnetic Fields

n, =1.50, n,=1.47,a=5um, A\; = 1.55um

EH,,-E, field [sin(v)], n, = 1.5, n

,=1.47,a=5um, A = 1.55:m, N = 1.4765 EH,,-H, field [sin(v)], n, = 1.5, n, = 1.47, a= 5um, A, = 1.55m, N = 1.4765

10 10
5
{ A \\\\\'\'-'.'.\\\\\\'-'-'
- 0 PO ‘:I ;?r i _I"'”"'””v-lm i
-5 -5
-10 |
-10 5 . - |
| X
EH,,-P, [sin(g)], n, = 1.5,n, = 1.47, a= 5um, A = 1.55,m, N = 1.4765
10 ;
| 10.8
| 10.6
-
-2 0.4
-6 0.2
=10 |
0 6 ” ; 6 )
X
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TE,,,, TM,,, , Eh,,, and HE  Guided Modes

Om / Om vm/

Test Case Parameters: n, = 1.50, n, =1.47, a = 5um, A, = 1.55um

Effective Indices

TEom T' Mo,
v m =1 m = 2 m =1 m = 2
0 1.49133190 1.47278703 1.49125723 1.47272794
FH,, HE,,,
v m =1 m = 2 m =1 m = 2
1.48453284 — 1.49654129  1.48232990
1.47648180 - 1.49127863 1.47271676

— 1.48447568 —
— — 1.47635769 —
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1.5

1.495

ff

=
B
(2]

1.485

Effective Index, Ne

1.48

1.475

1.47

Mode Effective Index vs Normalized Frequency
Small An=n,-n, =0.03

n, = 1.5, n, = 147

TE_ ,TM _.H

HE41 |

02’ ']

EH,,

1 2 3 4 5 6
Normalized Frequency, V
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Effective Index, N
eff

=
=

=%
(o8]
o

1.36

1.34

1.32

1.3

Mode Effective Index vs Normalized Frequency

Large An=n;—-n, =0.20

n,= 1.5, n, = 1.3

Normalized Frequency, V
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Weakly Guided Approximation

b
- v - 2
bwa[ ."/\z ny~nyg — n—%gl
™ :

cladding

Assume only transverse fields — Scalar Wave Equation

¢ — w(rjqﬁ)e—jﬁz

0% 10¢ 1 0% 5 0 B

, . ( AIJV(.“'{,T’) [Cjejwf: + [)e—j.wf)] 6—j,8z r<a
?JL‘(T?é) — [ACI,(QT) | Bdu(q?)J [chmlﬁ } DC_JV(ﬂ

Kk — \/kin3 — 32
2 2 2 2 07~
¢ = ko= f b)) = | -
c, = J, or I, BsK,(vyr) [(,?(33""-‘5 | Dc‘f"‘-”’} e~z r>q
d, = Y, or K,
L 7 (32 — k2n2
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Weakly Guided Approximation

b — OO
n, :',

- s n%
o/ [alf RIE e
U~

1 \
o "‘ cladding
Dispersion Equation for Guided Modes
J % 1 for TEom, TMOm
HGM — _,YGM g — 1 + 1 for EHV?R
Jo(Ka) Ky(va)
v—1 for HE,,

Linearly Polarized Modes (LP-modes)
LPy,, — sum of TFEy,,, TMoy,, HFEs,
LP,, — sumof HE,1,m, EH,_1, (v>2)
LPy, — HFq,
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LP-Modes Examples
Test Case Parameters: n; =1.50, n, =1.47, a = 5um, A, = 1.55um

LP01’ Neff= 1.49656109, n = 1.5, n,= 1.47, /\0 =1.55pm, a=5um

1.2
10 1
09
1
108
5
0.8} {07
1 0.6

Normalized Transverse Field, Et
=] o
= -]

o
[

0 2 4 6 8 10
Radial Distance, r (:m)

LP_._, Neff= 1.48239901, n, = 1.5, n,= 1.47, '\D =1.55pm, a=5um

02
1.2
10 1
1 0.9
L:- 0.8 0.8
] 5
L 06 0.7
@
e 0.6
g 0.4 |
-0
= 0.2
=]
@
g o}
(1]
E -5
6 -0.2
=
0.4}
-10
-0.6 10

0 2 4 6 8 10
Radial Distance, r (m)
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LP-Modes Examples
Test Case Parameters: n; =1.50, n, =1.47, a = 5um, A, = 1.55um

LP”[cos(me]], Ne1f= 1.4913319, n, = 1.5, n,= 1.47, /\0 =1.55um,a=5pum

1.2
10 1
st
0.8
5
0.8
0.6

Normalized Transverse Field, Et
o
[=:]

0.4
-5
0.2
-10
0 -10

0 2 4 6 8 10
Radial Distance, r (um)

LP,,[cos(vg)], N =1.47278703, n, =1.5,n, = 1.47, A = 1.55um, a = 5um

1.5
10 —1
1 {08
5
0.5 {06

Normalized Transverse Field, Et
[=]

-10

0 2 4 6 8 10
Radial Distance, r (m)
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LP-Modes Examples
Test Case Parameters: n; =1.50, n, =1.47, a = 5um, A, = 1.55um

LP“[costm,-’J]], Neﬂ= 1.48457455, n, = 1.5, n,= 1.47, )\0 =1.55pm, a=5um

1.2
10

-

108

o
@

106

o
o

o
'S

Normalized Transverse Field, Et

o
[N}

0 2 4 6 8 10
Radial Distance, r (z:m)

LP,,[cos(vg)], N = 1.47650942, n, =1.5,n, = 1.47, A = 1.55um, a = 5um

=
L]

10

-

108

o
=

1086

Normalized Transverse Field, Et
o
[=2]

0.4
5
0.2
-10
0 -10

0 2 4 6 8 10
Radial Distance, r (;:m)
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LP-Modes Examples

Test Case Parameters: n; =1.50, n, =1.47, a = 5um, A, = 1.55um

Hybrid Modes

TEo.. T'Moym
v m =1 m = 2 m =1 m = 2
0 149133190 147278703 149125723 147272794

vm HE,,,

v mz&nz? m:\ m = 2
1 1.48453284 \ 1.4965412Q‘\1.482329g0
2 1.47648180 — N\ 14917863 \\47271670\
3 N\ SNBSS\ -
4 - N\ - LAMISTEN, \

\ LP Modes
K\l\ J“\'Tgff

Degenerate Hybrid Modes

1 \1.5}%‘356109

1.48239901
1.40133190
1.47278703
1.48457455
1 Y 1.47650942

[ N T e T =]

HE,,
HE,>
T Eoi1, TMo1, HEo
T Eyy, TMyy, HE,,
HEs, EHy,y
HE, . EH;
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Cutoff Conditions
(under weakly-guiding approximation)

Y= (@B =0, V= kya(d — )

1 for T FEom, T Mo,

% 0 v = vt 1 for EH,,
v—1 for HE,,

Jo(Vem) = 0 for 1T Eop,, 1T Mo,

V. =0 for HE

J1(Vom) =0 for  HFEy, (m>2)

Jy—o(Vem) =0 for HE,, (v >2)

2

V;?T!.

or (”—§ | 1) Tyei (Vi) — J, (Vi) for HE,, (v>2)
N5 v—1

Jy (Vo) = 0 for EH,, (v>1)

J[ (an) 0 [OI‘ LP()m
Jo(Van) =0 for LPy,
Ju—l(V::m) =0 for LPmn
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Cutoff Conditions
LP-Modes (from J. A. Buck, “Fiber Optics”)

Table 3.2 Cutoff Conditions and Designations of the First 12 LP Modes in a
Step Index Fiber

Bessel Degenerate LP

Ve Function / Modes Designation

0 — 0 HE LPy1
2.405 Jo 1 TEo1, TMo1, HE7 LPy;
3.832 J1 2 EH\1,HEq LP>
3.832 J_1 0 HE > LPy>
5.136 J2 3 EH>1, HEg) LP3
5.520 Jo 1 TEy, TMo2, HE2? LPi2
6.380 J3 4 EH31,HE5) LP4
7.016 J1 2 EH»,HEy LP22
7.016 J_1 0 HE3 LPo3
7.588 J4 5 EH41, HEg) LPs;
8.417 Ja 3 EH» ,HE4 LP3>
8.654 Jo 1 TEy3, TMo3, HE3 LP3
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Cutoff Conditions

LP-Modes (from A. Ghatak and K. Thyagarajan, “Introduction to Fiber Optics”)

Table 8.2. Cutoff frequencies of various LPy,, modes in a step

index fiber

[ =0modes (J1(V;)=0) [ = 1modes (Jo(Ve)=10)
Mode Ve Mode Ve

LPgi 0 LPii 2.4048
LPp2 3.8317 LP2 5.5201
LPo3 7.0156 LP3 8.6537
LPo4 1L 1753 LPy4 11.7915

] =2 modes (J1(V,)=0:;V,#0) [=3modes (Jo(V)=0;Vc#0)

Mode Ve Mode Ve

LPy; 3.8317 LP3; 5.1356
LPr 7.0156 LP32 8.4172
LPss 10.1735 LP13 11.6198
LPy4 13.3237 LP3y4 14.7960
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Power Considerations (LP Modes)

The Poaﬂi*iﬂa vector along the z-direchon i3 given bx:,: (for a mode)

]

Sz = -[ERE{—EJ*L?*}E %Q?%Ex"*;*EyH:I = %RE{EI'H‘;"'E‘PH:}

Then +he power in tha core and csodd{ﬁg can be found fiom

2n o
Fore = 5 ( S2 rdrdq}
v
$=0 r=a
& oo
Pl:‘lc;ﬂ - J( J Sg rdrd P
D=2 r=a

For LP,modas (weokly guiding approximation) i con be shown that

i = i Trc:iziA;lJz [ jf(:ﬁq) = o d b fﬁ<u5J
prg
2 K z_,
P(;'uw = Pv "I"L'G.z | A"I iz [ - j'.: (o) — (?) Ju- {5{'-3} jv-H {1“3-)}
ZW}‘Q

P = Pclud rPeae = ‘3” .I,TQ”- i_/lw jz ( L .4,..{:‘5)3> (‘JP-F(KQ):‘F*\ {ﬁ-{q))
2Wh, 6
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1

Power Considerations (LP Modes)

. .2.-; !
Petod - __i_ { (sc0)” + (o) " dy (RQ) ) ( Ja)
P ¥= L Jpay (k) :i!m-r f:xn“ 1{60}K‘w~"6“"}

_ (-ﬂﬁ 2 [ Hf( 5Q) H’
: ‘lf .) KWI{J‘D) KU+| {Ha) |

1.0 I T | T T

0.8 — m

Poatl P—

02—

V—
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