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Cylindrical Diclectric Wa V%:Sw'c’aes:

Cy\inév{ccxﬁ dielectric waveguides are ex%ensiv\-;Q;é\ wred in ophcl communt -
cations , especially fovr Long-dieromce 2inks. In these notes we are going
to present the theony of guiding into cylindricoll diclechric waveguides
(ophicald fibers), The cross- sectional geometny of try sienplest ophcal

fiver (of S%@p»mc\sx \wae’i&) s shown 1n the 98&1?‘&-

N2
cladding
<7

T4 is assumed 4hat the cladding vegron i infinite and ny<n, where ny 0y
are the C|o\c§ding and cove refractive indices.

Fov 2 CH\\'Y’\S‘({CD—Q dielectrc reqion of yefractive index n we have:

—

TxE = -] W e H
\Tiy ﬁ = Ju)euhl\:é
From the MO&XWQQ,QIS e gquations for constent N we ge'\L Hhe Fo“owx”r\a wave

eguation :

=% = , 2 =
V'E + kn?E =0

Now the electvic field E can be decampored into @ fransverse and a

Q»-Dhailmldmg,{{ cormponent . T.¢. E= éig—"’ 2Bz ,  where Ei‘ = EKQ*"E‘)?/ =

(R




"EASE® 5 SQUARE
HITE 5 SQUARE
5 SQUARE

JUU DFIEC 1O L Lrimu | v
ECYCLED Wi
ECYCLED WHITE

00 SHEETS EYE-

a4z-382.
42-389 2
42-392 100R
42399 200R
Made inU. S. A.

m’&;ﬂ National ®Brand

Then +4he vector wave equotion can be written in the form

VA f,c + k&n? Et = O (4ransverse components) )

VE, + Kén*Ez = O (Congitudinal component) :
As similer set of equadions can be writden for 4he magnetc Feldsy

672 Ile, + k&n? ﬁt =0 (dransverse componenH)

VZH% + kn*Hz =0 (Qongi%—uéinai component) “

Now lel's concentrale on the z-components (Qongitudinal) of tha electric

i mognetic fields. Since we are seeking far modal solutrons the generel
Sorrn of dbhese fields s

_:Rz
E: = ‘E_Z(t’,cp)e‘}p

. (3)
Hy = Hzlng) e JF*

for forward (42 ) propageting rodes. OF course & time dependenu of thae

Q (s assumed., Of course a sirailar feld Corrn will be valid Lor +he

Iransverse field coraponents. NoOw lel's vework Fhe two curl Maxwell equa-

tlons (N the c:g)urwdv(ca% coordinate system,

U« E = (i °Ez _ ?152)? +<55r _E‘E_E)c% - <i o(rEe) _ LS,E.T.)%
Pl ,

r 29 9z 0Z or o y o
= -JLQ}JOH = —Jwyﬁ[ l'\Y?*quéP—* Hz 21
or
v oF e o
o Joe Hr
BEF- 252 = jwpefle (H)
or
4o b QEr _ _
¢ 5 Be) -7 S5 = ke He
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Sirailarly Lo 4ru TxH= +jwesn” E equodion we have :

R H = +'L«J€QY\?'E
B, - 2 et E ()
4R He > + jwesn Eg
Ao _AeHe 2
= ar(qu; e + jwen By

Frorn Eqs. (4) & (S)

we can express the Transverse feld companents

Er, Eq, Hv, Mg as funclions of Ea and Hz only . For example, from

Lhe seond of Eqs.(4) we can salve for

Ey o= fallows

|

. e = 22 L (eerE, 1
JPEr > ~ jopsHe > ..Jw;uoij)%um&n Er_,r_.a_;;)}

e s

fvam Lk oF EQS.(E:)

= Er*,_j:‘.ﬁ__a{aEZ+£ﬁi_L_?,‘i%] (6a)
kSn*-P or P r 29
Simi\gv)y)
B = .__‘_J_E.if_i_‘?z- WP 9“2] (6L)
kpfopt L 7o P er
HT - ‘J?‘ | oHz w&hz—l— oE; 1 (6¢)
k2o? B L or Bor 29
-iF [ 4 oH 2 QF
Ho = 4 oHz | ween z ] (6d)
kfnl—ﬁ?' s o (5 or
Since Er, Eg, He, Hy are fonchons of Bz, Hz it is sufficient to

salve the wove equo&\"ons oy oo Bz

o0 4he resd of H fleld COmpor\en‘fs. Let's stard with +he soluhon

ot E3z

and  (2) =0 Hz and Hhen e Eq 1.6
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VZEZ + \<§n2 E? =0 =

= °Ez 1 'aEz

Z+—L + FE +k§n1E}:O
ayz r or rz

Using Ez (r.p)= Rr)P(p) +he above eguadion resalbs in:

2 2
fa@ ,_L_:—PZ = d°% +V?"§:O (‘700
’aCFZ &P dq)z
PR . 4 2R (@@ p-T )R =0 (76)
28 . LR B E )
The %E’f\i—:rc’}j calutian of (Fa) iz
Dcpr= C e P e F ()
The gener‘c& solution of (Fb) s
AJdy(gr)+ BY. (ge) i F qz: \<§r\2~ﬁ2 >0
Rr) = (3)
AT (gr)* B K, (qr) £ —q2= Kan= F?’ < O

where T, and Yo ave the Bessel functions of 4he first kind of order v
and T, and K, are the Bessel funciions of the second kind of arder v.

4+
F\ T
Yo(qn) s

4

4

N‘W _ o Kvlae
v/"” .

boeo

Then Ahe qeneroﬂ solution for Ez can ke writlen as ¢

FEo(r,e) = [Ac.qo+ Baviqr 1L cePs pet’?] (10)

where  C, Qo) is either  Jv(qc) or T,(qr) and dvlqr) s either

Y,(ar) or Kylqr)., Since Bz (r,e+am) = B, (r, @) = 1= integer,




Oscillatory Bessel Functions

TJalry , Y (o

n First three zeros
0 2.405 5.520 | 8.654
1 0 3.832 1.016
2 0 5.136 | 8.417
3 0 6.380 | 9.761
Yl
o8- ne0
(o] 1
]

7 8 9 10 r

n=\
» First three zeros
0 0.894 | 3.958 7.086
1 2.197 5430 | 8.596




Modified BRessel Funcltions

T , Ka(m)

' Ta(n), Kalr)

28 %o




Now we have 4o 2pply these solutions fo the step-index fber, SIN®
we are Llodking Lor gw‘decl wave solutions kan,< l3< kon, . Also i+ 15 remindkd

thaot the ioM-’ﬂon for Hz 5 similar fo Ez [Eq. 1]

Fiber Core ;. ysot

5 SQUARE
QUARE

P i3;_

EYE-EASE® 5 SQUARE

ED WHITE
ED WHITE 5 S

E, = (AT (xr) + B o (wr>] [Cee” T+ D1 e

Ho = [Fq Jolxr) =+ G{ N, (xr) J [Chqe‘wq)* Dmeb‘wk? 1 e"“tg?’

-

? 3
dadid
ivST =

where = = (k5n3~§2 )”2, Since the fields Mave to remain Pinite at

=0 ~ B=06G=0 . Therefore, Bz Hz have the form:

SR National ®Brand
p]

EZ = /’\1jy(ﬂ<r> [CQ&JU{P + Deﬂéjvq}] €EJ‘32
. _ . (1)
Hy = F, Jy(x0) [Cne’™® = the'*“’"*’] e P

Fiber Clodding @ T2

E, = [A, Ty + B, K, (yc) ] [ Ce,e?”? + Dep ¥ ] e IP?

Hy = [F2 Tuyn) + G2 Ky (g0 | thzei@ + Dpy &% ] =l
where 3= (B*- K2z )P . Agoin, in order fo have oniy degaying
evanescent fleld components Ay = Fp, = 0. Therefore, Ez,Hz have e

‘?o(m:

£, = By Ky [Coc T D™ | Bl
. : . {12}

Hy = Gp Kulgr) [ Cmﬁyq - the’y@] e'v‘ﬁ’"’

Now we need Yo sotisfy the boundany conditions 3t r=o ntecfhia,

The 'h]ngev\‘\’\‘@Q eleckric field components are Eq, Ez and +4he %anaﬁn—%\’dﬁ

mﬂghe‘Hc -F(Q%& (O\mpeﬂen‘is Qre HC?) HE .




Ez - continuity:

AT, () [Cened™P e Do 8771 = By K, (o) [ Cone®®r Deae "]
Which in order 4o be volid for eveny ¢ requires

Ar\ jy’\ri‘d&,\' T-ZEDQRU(gCI)

(13)
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H;_ —Con%‘nui\'ﬂ .

F1 :]V (:KU‘) { C’V‘iejv‘? ¥ D‘n\ e—‘qu;] = GZ Kv(aq) [Chzep}?* Dhli‘;jvq}]

which in order Jo be vahd fou eveny @ requires

B

Fi jy(zkcx,\) = Ga H,J(”éf:a)
(14)

Ch;:C%z:C‘h ) éh\:D‘ﬂE:DXV‘

(= @ —continu ‘Jr:) .

P 1 AT e [ et = jupee™ 1 - 2 Rl [Coe
Keon-p° [ &

Dh e—j\)@] } -

k3n

—————-——jﬁ ‘ | WM e L Wb / v
é_pag OLTSZKVQM) [queC ~jv De e J ——13— GZ'@’KV(ZC” [Che

Dy, eﬂv?l }

The olbove condition should be valid for every ¢. This requres:

CCe Pe  _ consfant = X
Ch Dh

-i8 § oA, J (k) - % F, < 11)/(3«1)7’3 = dF %J_]_j. Bg K, (o)
2

kbzn‘z_ﬁz La k§n§—?a x

_%P_z @, ¥ \<;<ga>§
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and D;.\: — De

KA

He —COthtu :

kan;

E_u_,_ 3y(3<0.> A,, -+

- D

Then the last equation becomes:

J‘«U%"o j;(i«q)\i—
=

without loss of generality X =1 which implies

B
5(1

;J_S_S___}L ?;_ F J, (xed) [Jv CQJNP +\SV Déjw] +

VT

UZ}J(/3)- 1))

For nontriviod solubons it is requived  +hat

Ch': Ce = C
K, (ya) By + 90 k! )G
(15D
WE nZ ’ %
=M A x T (xr) [CE %pe

- =F )L gk e Ty + D] s wen: g yK, (ga)[& “ne” ?J}
L P
which Tmphes that :
. 2 . A
BU g (ke F, - 2280 T Ay = BY o) Gy - S Ko B
KL K -3 ZaL -4
(16)
Now let’s write the four boundory conditions tn o mebrix form:
—'JV(ZKOL) O "Ku (5(1) O T i Ai’ —@-—
O Ty (xa) O - Koo Fi &
: = (1%)
v W o
fz—q Jxa)  J9F MO Ezi K,(o) 32 kil | B2 @
X h QA %
ety Baae oy Eww) | G| |2
_ 3 I P S

det { A ni=o

]}

A
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Calculotion of the determinant gelds

2 . / 2 /
pzu:{ IS ) _ I Vi |, Ko kanflv(m‘ + kf"‘z“““‘”] (8)
a g2 xe =< I, (wad 2{ KVQSQ) xJ, (<o) KK\/(KCL)

0f course | £9.(1®) can be solved anly numerically in order fo find B,
For example, for every v value m colutrons can be found. Then , the guidd
reodes of the optical fiber can be characterized oy fo integers  vandm
which are needed to represent the transverse confinement of the optical feld,
The m-volue 5 colded thae "radial mode numker? while U- value (s colded
the “'@r\gu\ar (azimuthal) mode nurnber,

Once B it delermined from Eq.(18), three of +he four coelficients of

Ex and Hy (A4 Fy, By, G, ) can be expressed in terms of the Forth.

For example , f A is celected 4o be the free parameter then :
BZ = 3 () Ay ( from Eq.(13)) (19)
Ky (30
62 = M Fi ( From Eq.('\‘ﬂ) (29)
Ky(dOA

Now A, F, con be celokd either from Eq. (18) ov from Eo.(16)7

Therefore i Eq. (15) is wed (continuity of Eg) then:

'3 ! / -3
F, = JBv <_{’z+%) { 3/ (x> K, (g } A,
wWpeat \ XE < I (xa) 3 Rolga)

1 Eqg, (Me) is used  (continuiiy of \ﬁc?) SN LE

4 =

TR 2 ’ 2 / -4
J &N, J, (x) N ny, Yvy) } I_Lz+l?1 Ai (22)
1’3\) X jr(ﬂo) b’ KV(KO‘) X g

T s worth mentioning dhot /AL 15 purely imeginorg . Alse

<
62/52"' \//,\‘ _ Therefow Ez Hz are oul of phase oy T/,
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Mode Characterization:

Let’s consider first the case of v=¢ Then from Eq.(i%) we 3et:

[ 3, (k) N Ky (30 ] i KBniJy(xa) . k23 Ky(geo ] - & (23)
K J (ka0 ¥ KvQ{Qj x Jo(xa) ¢ Ky {gao
____—\/_.._.,4-——-“'—‘-"""’ T e i e
A A=

—

For the case of »=9 £qs.(49)-(22) become:
BZ e jV(i}i?;; A1
Kp(gcd
Cﬁz — Jy(KCl) F,‘
K\)(d@)
/ . / .
{ Jy(xa) N Ko (ya) }Fx &
x I (xa) 5.%,(@0)

[ keniJulxe) kini KJGg0 } A= D
K J (KD ¥ Kolyga)

3/ (xa) Ky (gl
- -
« I (xa) ¥ Ky (ga)

Now f A, =

F, # 0O , bouf Ay=0O = By, Tn 4his case Ez =0 and these modes

are colled TE  (dransverse electric) mnades,
s 2 ! \
kozr\fl IV’ (//KO\) N \’\‘;) r\a ‘/<V (XQL)
— & —
K T, (w0 XK\)(ZO\*
dhen =0 and A#F O and Go= ©. Tn Hhiz cose

On the other hand if o=

these roodes are calfed T (Hvansverse m&gne%e’c) modes,

u sing Ressel funchion identities:
DT, = xJpx) = x Jym (XD
LYK = ) K (00« T (DTRG0
the following eigenvalue equations can e found for

modes :

=0 from Eg.(22) then

(29

= O {rom £4.(e3

Hy =0 and

TE ang TM

N/
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J, (=) 4 <4 (HCO‘ - O oy TE¢M (v=0) modes (28)
K Tg (a0 g Kalgal
‘2 NNESSS . V\Z Ko (g0 -6 Cor ng"" (v=0) wnodes (29)

<Ioxw 3 Kega)

For U0 the solutions are colled HE,q or EHum . Following Yariv's

approach LA Yariv, "Optical Electronies in Modern Communications” ]

, - Iy (=) .
Eg. (18) can be solvedt far Iy (=) Then 4he e‘%er\voﬂ,w\ equa-
(Ko Ty

Lions are

EHopm ~modes  (vz0)

Tow () _ mieni Koye (2 »R> (30)
Ko o Ko 2n? g Kylga) o)

HE m - Mmades (v=o)
Too) (Ka - _ ”lz‘m;‘ KU’(G/Q\ 4 (J_ '/R> 31)
xot J,, (a0 2nf o K, (o0 Ko™

2_n?% 2 ’ o 2 1l
where R = (”' 21) K, (g +<ﬁfi) (,_L_ +_i,> ]
ny yoKulge) ™ ko' \ Q) §°

Another point which is worth mentioning (s the angular (azimuthol)
dependence of the Helds,
EZ = lAcy(qr) + 3 dv(qr) } XC@JWPA- Dedu? ] o)
Hy = [Favlgrn + G du (g0 | LCEJM?— De™"? ]
Since C,D can be selected independently we have in general

two independent solutions . For example, if C=D="z the D) = cobd

for B, and Do) = +jsinbg) for Hz . IF “C=+D=L then

I
~
9

)= (sinber for Ez and D(P) = — cOsVY for Hz.

o

?)




DISPERSION CHARACTERISTICS
OF GUIDED MODES IN
A STEP-INDEX OPTICAL FIBER

(from A. Yariv, “Optical Electronics in Modern Communications)

ny

Blk. —

ny 1 I




Then the 2 independent salutions can be written as:

_ , Cos(PP)
Ly = [/—‘—\ Cy(gr) + Bdw{qr)] o
Jsine) (33)
_ Fisin(ve)
My =[Faqo+Gdulqo ] [
- cosv )
Stee Weakly- Guided Approximaiion:
qesR g For most ophical fibers NN, Therefore, a common approximnahon roado
= (e that ’;\'\? ~ 4 This it called 4he weakly guiding approximation, Under
o %
-§ this opproximation the Eg.(18) can be simpiified (nto the following foern
WZQ
L for TEom, THom
Tgop (a0 K o) ' o)
(o) A2 T = (g Ko (g0 L=4 .4 £ EH (49
vm
Jp(=a) Ko (o)

v-1 for HEum

The Sign{-(?s'cc)ir\ce of the skove equation s that pnore thon a single rmode
can have ihe same propagodion constant B, For exaraple, TEom and
TMan modes become degenerate, Also HEpsim modes and EHyoi, m
rmodey are alio degenerate. Sincwe degenerate rodes can troavel with the
some velocity (under the weakly guiding approximation) 1 s possible 1o
define superpositions of different degenerste modes that can be linesrly
po\qrized. These superpositions can define  Qinearfy polorzed modes with
negliglble E; component and are called LP,, modes. Specfally, tha
LP, . modes can be constructed as folltows:

LP,,,, —> sum of TEsm , TMam and HE;, modes

LPow —2 Sum of MHEp meand EHum modes (u22) 35

LPgm — HEim mode only
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LP-modes:

Since +he LP modes are linearly polaTized and Ez L< negligrble they

can also be considered soluthons of the scofar wave equadion
sy . Law, I FW  @infly =0 (26)
or? Y or r2 ¢’
shere W= winee Pt and 4y can be eithar Ex or By (Haorty).
Equakion (36) is similar to (75) and the generaf solution can be written
ac
wing = [Ac, (qr+ By (qr) 1[c N T L (37)
whe e c:ﬁ: kén*-B° and Cu = Ty or T, and du= Yoor Ku depending
on the 5\‘91—\ of \<er\2»}32 Z o,
The boundarny conditions tn Lhis case ove the confinuity of  and ?’i

ol the core /cfocléx'mg interface.

Fiber Core: (rsa)

- o ag
Y, @) = AL T Uxo) [Ce“ T De"’mpjeJXS (33)

Fiber C\Qddimg : (=)

. o g

Wi,g) = By Kulyr) (el spedv?]eF (39)
where x2= k&ni-B° 5”’—:F2— k202 and C,D bave fo be the same
as b was shown (n the hybrid mode cacse.

~

Cor\)r\‘r\u{)mj or P ol yz= @

Ay Jy(xa) = B, K, (g (40)

CQﬁjﬂ‘nuiﬂJ of dYHr ab r=a

Ay xS (wa) = By ¥ Ko Gpad 41)




Then the eigenvolue equation becomes:
=< I (0 y Ko (g (42)
Ty () Ko (g
Lhich with the Bessel function identihes J) = Jv- - l;*]v and

_— K, = =K, - \Z( K, con be +rons{ormed into:
e Jomr (o) _ @0 Ky (30 43)
) Jy (xa) < (g0
; - | EqQuadion (43> (: the eigenvolue equation of the LP,m modaes
&
§ Crememiper that for  LPam ,j—\ =(-1J, =nd Koy =Wy
& | | _
After P s specified from Eg. (43) then the LPm Lield s
Siven by
. cos(p) \ Pz
Ay Jo () _ e r<a
Wi, 2) = S
: 44)
\ COTEVP) g
Al\ MJV(«Q) ) Ky(gr\} / CP} 3 8':5353 rz2 Q
Kv(ga) \ S0 (D) j
. ‘ Cos(ve)
Agcun e observe thot we have Z independent solutions (gin(vm)‘

Also sinw  represents fhe Fransverse electre field could be either x
or y polorized, There fore, each LPyn con hove L passible configurtons:
Ex, By and costre) or Sin(wa). AS an example the possibla configurations
of LPM are showr on the next poge. OF course in +he case of v=0
theve cre only 2 configurafions Sinc frore is no azimuthal dependince.
Tt is inferesting fo observe Frat +Hhe 4otel number of modes (s the Same
‘n bokh dhe LP and dhe hybrid mode representakion. Fov example LPgy

corresponds fo 4 degenerte field CQ(\Q%L(‘(&;‘HONS, Similady HEz, EHi

correypond do 4 Field configurations. (2 £ HE3z and 2 for EHae ).




LINEARLY POLARIZED (LP) MODES IN

A STEP-INDEX OPTICAL FIBER
(from J. A. Buck, “Fiber Optics™)

Figure 3.7. LP)) field patterns, showing the four possible configurations. (Adapted from ref. 5.)



LINEARLY POLARIZED (LP) MODES IN

A STEP-INDEX OPTICAL FIBER
(from A. Ghatak and K. Thyagarajan, “Introduction to Fiber Optics”)
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LINEARLY POLARIZED (LP) MODES IN

A STEP-INDEX OPTICAL FIBER
(from J. A. Buck, “Optical Fibers”)
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Figure 3.9. Intensity plots for the six LP modes, with a = 1. (2) LPo1: u = 2. (b) LPyy: u=3.

(c) LP2y: u=4.5. (d) LPo2: u=4.5.(¢) LP31:u=56.(f) LP13: u= 6.3.



LINEARLY POLARIZED (LP) MODES IN

A STEP-INDEX OPTICAL FIBER
(from J. A. Buck, “Optical Fibers™)
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LINEARLY POLARIZED (LP) MODES IN

A STEP-INDEX OPTICAL FIBER
(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 LPg
2.405 Jo 1 TEoy, TMoy, HE| LP11
3.832 J1 2 EH1,HE3,; LP>y
3.832 J_1 0 HE> LPy>
5.136 J2 3 EHy1,HE4 LP3;
5.520 Jo 1 TEy, TMo2, HE2? LP12
6.380 J3 4 EH3y,HEs) LP4y
7.016 J1 2 EH|;,HE3 LPy>
7.016 J_1 0 HE3 LPo3
7.588 J4 5 EHy,HEg) LPs
8.417 Ja 3 EHy;,HE4 LP3>
8.654 Jo 1 TEy3, TMo3, HE>3 LP13




E® 5 SQUARE
E 5SQUARE
SQUARE

100 SHEETS EVE-EASE® 5 SQUARE
200 RECYCLED WHITE §

200 SHEETS EYE-EASI
100 RECYCLED WHIT!

vvvv

H
&
3
S
=
sgq

Cutoff Conditions:

The cutoff candition for any given mode con be dedermined from tne
eigenvoliua Equadhon (18) Hfor K—-:(ﬁ2~5<§ﬂ§)m: D. Whenever, =0 => \34%101
and = ke(ni-n2y'2 . Then we n define the normalized frequancy V,
V= ke (02022 o0 (similowly to $he step-index slob waveguides). However,
solutions of Eg. (18) are in qeveral il cult o sdve for +he cutof¥ Vs,
Therefove, it iz common 4o use E9g. (34) (under tha wealkly guiding appro-
XLmofn‘on> 1o find the cudofl wnditons, Using EQ9. (34) For y= o
corn be Shown thal the cudoff condidion s obtoined 4he solution of Ak
equohon :

L fov TEam, THom

l%i:(i\%/l =g (=4 vt fo ERum (021 =
-1 for HE, W (v )

The obove equodion can be obtoined by wing +the following expressions

for 4bhe Bessel funclions:

Kv(Z) = —%T(V‘)(%E)‘” (v>0) 2 — 0
Kg(z) = ~—Q\'\2 {v=0) 22— Q

K_v(Z) = ¥<VCZ)

J,(2) ,‘iz“/V(,vw (V2o) z— O

J, 2 = (-H D
For V#O  £q.(48) reduwn fo Jeoy (V)= 0. In fhe case of V=0
1 can be shown thok V=o (s a valid solution only B¢ 020~ v=1 for
HE,, mode. Consequently, the HE,, mods has & zero cuhs(¥ normalized
—Freqmnc,%, For iavge V, it can be shown that the numiser of modaes

con be approximaded by N2 ﬂ_i'\f2
T




Summarizing . under ha wealkly guiding approx mation, we hawe fhe following

ot conditons:

Jo (V) =0 for  TEom, THom
V=0 for  HEa , Tp(Vm)z0 for HE, (m32)
Wb (46)
é%%éé Jo-z (Vm)=0 for  HE,n (v>2)
;é ju(vm) O] ‘F\Dv El’\vm (1/)/ |)
§
£ .
gzg where Iy, (V) corcesponds te the m-th root of Jv.

Since Eq. (458) 15 alse volid Ry LP modes then the cutef{{ condihons

for Yhem are:

J1 (Ve ) =0 fov L_P¢m modes
O

i

Jo (Vm) for Lpim rmsdis (4%)

Jooy W) =0 fov LP  (vz2) (Vmz0)

Obviously, Hau LPoy hoos V=0 os cutolf normalized wcheqwnué.
Cutold {requencies For hybvid and LP modas are tumranzed on page
21 and 24

Note ;. Tn several texis the cutod¥ condition for HEsm (V220 is given

oy " ,
“.,.,.‘: + :‘i\ J);—w( \/m ) = ____t(_\ jv (vm )
. {\12 / v-1
2 B N PAY]
\Nher\ D.‘ bl o~ 23\)‘@ (\‘/m) = -—\i’——nj— j\,i{\’/i’ﬁ) B BU)F 3\)_3 + jy.“ _— 3\/ oy
nz V-t X
3\(»2 * 3\; = L(:";) Jyoy =) 233/4 = ,;\_/.: ( Jv—z * jv;‘ and the prev{Ou s

S’C‘,guaﬁie:m is uni\/oﬂﬂﬂ'i o vmjv’z(VM) = Q ~ ;‘{w»}'_(vm):o which is

La-f

the same with Eg. (d46),




LINEARLY POLARIZED (LP) MODES IN
A STEP-INDEX OPTICAL FIBER

CUTOFF NORMALIZED FREQUENCIES
(from A. Ghatak and K. Thyagarajan, “Introduction to Fiber Optics”)

Table 8.2. Cutoff frequencies of various LP, modes in a step
index fiber

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

LPg 0 LPy 2.4048
LPg2 3.8317 LPi2 5.5201
LPg3 7.0156 LPi3 8.6537
LPoa 10.1735 LPy4 11.7915

| =2modes (J1(Vo)=0;V.#0) [=3 modes  (Jo(Ve) =0; V. # 0)

Mode Ve Mode Ve

LPy; 3.8317 LP3j 5.1356
LPo) 7.0156 LP3; 8.4172
LPy3 10.1735 LP33 11.6198

LPy4 13.3237 LP34 14.7960
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Power Considerations: (P modes)

The Potjn\'ing vector a\cna +he z-direchan I3 given bﬂ" (for a mmode)

Sz = LReJExH"], = %QQ}EXH;*_@H;} _‘Z_RaiE‘,Hg—E@H;‘}@@

L
2 2

{

Then +the power in dhe core and c‘addmg can ke founa from

2w o

Feore = 5 J( Se rdrd.cp
=0 e

Pried = j j Sg rdrd ¢

QP’Q r=0oL

@)

For LP_modes (weakly guiding approximathion) 4 con ke shown that

Rore = __EL_TVGZ‘AJZ [ ji(ﬂa) = Juy () (3«1)]
pro
B, 2 2 2 [ * 1

Potest = 7 7ma” | A4l [ -3 (=) — Sf Joa () Ty (3«1)_[ (s0)
Zw\Ao

By

2()»’}10

P= Peiod wPeave =

Ta® \/\f‘ ( i +{_3§)2> (-—Jv_,(}(ﬁ>jy_” (3—«1))

Then S using Fqs.(90) and (43D <0Ls well os propertes of RBessed funchons)

that
22 4 2
M= Poad _ 1 {(«0)2’\' et Ty (x0T (ﬁ (h K (o0
P V= Tpmr (x0) Ty (@) v Koo (&ka{ga}
2 z &0
PR O AP S T ]
P Ky () Ko (20
The rotio fee s shown n the nex+ poge o8 Cunchion of V. For V=0
and w=1 4here 15 no wpprecicbl P oOwer In Ihe core o) cutofl. For V22 the

Paad — kN

p %

At cuteff. As Vo increaxcses dhe power concontrates in

F’Q’HQ

‘H\g covre O €xpec'¥€c§.

i)




FRACTIONAL POWER Pjo/P
OF GUIDED MODES (LP,n)IN
A STEP-INDEX OPTICAL FIBER

(from A. Yariv, “Optical Electronics in Modern Communications”)
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Acceptance Angle U Numericol Aperture of an Opticol Fiber

Assume o step-index fiber.

Nz
air .
Mo //‘P(\i\

s L7 -
/

—_— ] . . .
From  Snells lows Ne SiNQace = N, sINSc = N, Sin (Trz.—épc‘) =

No=4 . ~ SinSace = Ny Vh-zsin®d. = Ny 1= ( 2, )T =V NSN3
. . . 2 A
Maximum occeprance ongle:  Bacc=  sin” ( VnfnZ )

Nume ricod  Aperture NA = sinBacc = VN7-n;




	fiber3-1
	fiber3-2
	fiber3-3
	fiber3-4
	fiber3-5
	fiber3-6
	fiber3-7
	fiber3-8
	fiber3-9
	fiber3-10
	fiber3-11
	fiber3-12
	fiber3-13
	fiber3-14
	fiber3-15
	fiber3-16
	fiber3-17
	fiber3-18
	fiber3-19
	fiber3-20
	fiber3-21
	fiber3-22
	fiber3-23
	fiber3-24
	fiber3-25
	fiber3-26
	fiber3-27
	fiber3-28

