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" ABSTRACT

This report considers the radiation and mode conversion losses in

the cladded fiber due to a scattering center located on or near the fiber axis.

- The other loss mechanism, namely absorption loss by metallic

impurities (e.g. Fe, Cu), had been treated in detail (see Repbrf No. 2 to the

Department of Supply and Services, Ottawa on Contract No. 01GR 36100-2-0204,

Serial No. OGR2-0163).

The radiation loss due to a scattering center was also treated in the
same report. A summary of the materials is included here to provide some continuity

of this report because radiation loss and mode conversion loss are closely related.

A discussion to determine the minimum bend radius by the critical

" angle criterion is also presented.
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1. Introduction

Our attention is focused on impurities in the fiber or fiber - -

inhomogeneities as scattering centers on or near the fiber axis.

‘For most operational purposes, the dominant HE” mode is.

used in a single-mode cladded fiber. When it impingeé'up’qn a scdtfering cenfer?

. whose overall dimension is very much smaller than the wavelength, o current

“moment will be induced, and this will scaiter power into radiation  and surface:

R

wcxves(boflﬁl"leaky“ and "propagating " modes) .

Fig. 1 depicts the situation under our consideration. As we can

: see,. some of the scattered power is radiated out of the cladded fiber. Some of -

the scattered power is converted into higher-order modes and gu?dedulong T.hé ‘

fiber. If these higher-order modes encounter another scaHerihg center, .som.e of the

- power will be reconverted into lower-order >modes\cm.d_bcxck‘inf\o fhel original

HE

mode. This phenomenon is called mode conversion and reconversion. -

1

Radiation just causes a loss of power; while mode conversion and reconversion

will cause signal distortion., This is because higher-order modes are fravelling

with differénf velocities. When reconversion happens, this will cause intercoupling”

" between these modes.
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‘Mcrcuse"z studied mode convel‘sfon qqused by surface imperfecﬁon
of a dielectric slab 'wavegui-c‘e' and also hode conversion caused Ey diameter change
of a round’ dielectric waveguide. Perturbation of the geometry of waveguide \;'vas :
assumed to compute the total exchange of energy from the lowest order to the

next higher order mode.

Clarricoats and Chan3 have analyzed the situation of a scattering
center located inside the cladded fiber by assuming infinite clddding and,
by assuming a small dielectric difference between the scaHe‘rervm*‘ld the core
region (or the cladding i'egiorj'). cbmpU’red‘,fhe .mode conversion power in._terms of

the incident HEH mode. Radiation power was also computed.

The method of analysis used in this report is based on the paper
‘by Yip4 in s’rudyi'ng 1‘he'lagnching efficiency of the- HE” mode on a dielectric
rod. This mefhéd was further employed for the study of fhe‘ l%juhchir-\g‘efﬁciency'
of the HE”' mode on a diélecfric fu»bé by Yip and Au-ycm:qs. - The techaique

involves expressing the sources and fields in a Fourier integral in the z-direction

" and a Fourier series in the ¢~ direction. Though, in general, the Green's

function for an open-bounded cylindrical structure is extremely complex, for
the simplénl case of a transversely-oriented infinitesimal dipole on the axis of a

cladded fiber, fh'e_Green's function is available.

A current moment will be induced on the scatterer when the incident

dominant .HE'.“ mode impinges upon it. This will m‘dke‘i‘he scatterer appear as
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an electric dipole (Rayleigh scattering). Suitable fields must then satisfy the

Maxwell's equations with boundary conditions met at the interface between the
. 4 Y

core and the cladding, and between the cladding and the outer air regions.

Radiation and surface waves would be excited and can be

" computed.” The magnitude of the induced current moment depends on the field

of the incident mode.
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by a permittivity of

The time dependence is assumed to be e

2. Method of An.él‘ysis

The claddad fibre as pictured in Fig. 1 is assumed lossless,

characterized by a permittivity of ¢, =€ €. in the core with radius a,e7ef

1 o 1

(2 = € "6-2” iﬁ the cladding with radigs b.. Both have.

a permeability p . The surrounding free space is characterized by the
. o. .. . _ - : .

“permittivity €, and the permeability Hy .

As explained in the introduction, the point dipole is placed at-

' the origin of the coordinate system, and oriented perpendicular to the z-axis. -

~iwt - o
; and the induced current dansity on

‘the point di>pole is speciﬁ»éd by a ﬁot'mo];izeci delta Fﬁnction '

A 5(?)5(::) N |
TRR(SEEE e

‘wherev_.Je = the induced cur_refn‘ moment .of the point dipol‘e-.

In the core .region 0 < p <a, the normalized electric and
magnetic fields must éatisfy the following Maxwell's equations:
L VxE=ikH S

vxH =-iK€E + J L

whee E=Je B, H=fa Ho, wa J=Ju,J

with subscripted quantities representing ﬁm normalized fields and currents..

-

_ko =-X~L—-- free - space propagation constant. .

Y%



By the Fourier transform technique, the actual fields can be

- represented as

[rgd

)

feph = e, '-
_ o ) ‘ ‘ S
where ¥ = E = f normalized propagation constant.

The transformed fields F( p, @, V) are further expressed in a’ .

Fourier sencs S o .
“cod Yy = me |
FeRer) = F(?zr)e | -
| : @
S Mz eeo o . - o ‘ .

In the source~free region inside the fibre core 0< p <a:

1 ' JZ? 1_5’ Rl N

T(0 S S (

Ef‘!“'q)’ ) 3 v He 2F ? o9 \!:z._j ?’k(’b’ 7
AT B L A - Y | B
A B SO
e T [ &» . > Tr | -(2 -5)

- K,zz o e h
o 9. _b.é“ )
Hsﬁl(f"P D 8% Yresll Hceq n)

where ’Z, /»/;:5 - y?

-~ With fhese ond Mcxwell s equcmons, the longlfudmal Fneld

componenfs ln ihe core sahsfy the followmg wave equcmons

. v"- : -[‘IZI Sj7)") +Ka7zz 21 ? )
) {t . . 0 1 : . :y Lo
RGO E £, v) (2.60)

- (5"(9) '.N"" | c¢ rr 0 '“'L‘?f’}.~ '
e 4 € .
| gLf 35‘<27T§7 { bfﬁ e + XJ—-‘:«‘:": a
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From (2.6), we can clearly see that only m = % 1 modes will be excited.

- The wave equations are also frue for the cladding and the free—

space regions with .l.e=o and .ﬁ]' replaced by My <. 2"2 —’)’2 ‘

A2
Mo =V 1-7 respeciively.

Fora <p <b ,

Hen H., (6%

RN
'_’O

Y, B A o |
ClE 0| [EG6D L
o S ot (2.6[3_)‘
| l';‘Ol‘ Jo) :>.b |
Ml [ Haew]
v I B L R I

-~ Our solutions for longitudinal fields in'the core 0w P < a -

.- are given by _




VE

“ll m CV B‘) qz [ Sm L Y«. ( K‘OVY(,‘SO) AA“"IL' Bm Ju ( \;o"l,?)]

Ean®3) = TUTLOGELD T ASOTD]
e omt { Zf :
where : _bm’:l-ﬂ- 5 cl\’\é\ . T"r\ = ‘é”;‘" :

As menhoned in the earlier contract report (Report No. 1 to fhe

Depmfmem of Supply and Servtces, Oquq on contract No OlGR 3600]-—!—05!9.

Serial No.OGR|..]04), there are two regions of interest to be accounted For in _fhe

dispersion characteristics (see Fig. 2).

In the domain where the normalized propagation constant

<y < /22 ; both /P V’EI - _7’2 _qﬁd uP '=-/f=.'2 72 are r.eql'...ln

this case (Case 1), we have the so-called "leaky" modes, or "cl‘advding" modes
as the waves are mostly propagating in the cladding.
In the domain where the normalized propagation constant ‘_ '

9 <y < /E] ' 'r)]l = \/fél - "/2 i_s.s.ﬁllv' real, whllefn2 =\/€2 - 04

~ becomes imaginary. ‘Thfs.(CdéeVZ)_'giyes rise fo the so-called "propagating” o

mddes, or_."'core"modes', as mqu:f of the waves are propagating in the c'c')r-e",‘-
In the cloddmg a<y < b fHef longiwdinal'fiea,ds'should be given

accordmg to the two coses menhoned n 'rhe Ic:sxL pqrqgrcaph
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4 both- reél (‘.'l.ec.il<y"' modes),

. 'Case 1: For 7 and

H ¢, :lﬂ?[ Cm Y, C.Kﬂla?’ i Dm_ J; (KM S’) )

' : o o (2.8q)
i EZ?;"“( Plb’) = I’Q:"*[ E‘m\(l ( Koﬂfl"- ?> T Eﬂ J; ( Kayl& ?) } ‘ o

" Case 2: For 1), real and #. imaginary ("propagating” modes) , |
. H : 19 ginary \ prop g Sl

o szcg‘x);'yw[ C,;:-K,(K,,,lvz;l?) + D, I,(KQI_V(J?)] L

S R , o (2.mp)
B, 6w =Tl EL K11 + Fon Taimas) |
” Ih the free space p > b Where ?70 =y | - , f"rhé
longitudinal fields qré given by: | | ‘
o e . : ’ a) |
CHL 8= I G HCRT8)
9

1E234%(s>_,z'): =17, L. H,“?Crfgz;?j
_ T_he. eighf:;oefﬁgienfs Ap's dre excif-q%ion cqeffiﬁi.enfs and can E
. bé‘ deferm_ined by mafchiné fHe _fain.ge'nhql': field A'compéarien.fs.‘dfi‘p = la, b Thls
isgiveh in mafrfx forrr.u;{: | o |
(m] [V]; [s] - - o - ,('2‘.1'0);.
- The details »o.F _thé_~ mdfrik_.co.rnpon.er.afs f;Orv\‘Pixie .c‘:crfs‘e where both : |

M and ﬁz ‘ cu'e‘recl are gzi‘yen in table 1. X = ko‘. n ] a ,V = ké' 7.72;b""




L ‘
Ay Yylew) gyl o0 e 0 ° SR I R 1 ﬂ 0
ST S Ny _ o R NV
0 | O,, 0 0 n JI X Ny Yy (f\/«) M5 5 (V) 0 : Em | it Srﬁ"] 00
‘ ' ' _ ) N . i - ) . : . v N ,.S N R , V‘
n,a 1 : qzc ] n, ¢ . . o} 0.1 . m
, ' 20 o _ . ' S - L\{ )’
.._-_,’ l‘ . - -' ) - , ’ ‘ :.er :{—T.Y ’ Z__"f o ) . ‘ B . -
k0 X) e,k Y (ev) 52 go By (eV) 0 e ] (><)_ o 1 (V) e 3 e 0 | L H{_ S q/l (/.4)‘, (2.1_{)) |
o o o R ' , ':_'—Tex,l\w}
g | > \2 v (V) ny J1 ,(_V\ - H] (N - ) - 0 ' S0 ] , 0 Bm "O: |
¢ 0 0 0 0 r[z Y'l () 712 J'{ (V) "'n3 H'] (N) Cm 0
oy L ymy Zm 0 MRS e S H
o ,n.sz’ ™ ngb 4 ) quHI N) | 0 kY3 k6 k HP(N) | D 0
R o an o R T g Cmo Y L EYmy ' , o -
0 kY W‘ R R L D SR v S RS - A RO ) S
. . T ) \Z . 2 o 3 R 1 3 . _]
source column .
TABLE 1" Continuity of Tangential Ficlds Arionged
: . o I o in )‘Aa%‘rix‘fzormc? Mv = 5.~ ’ )
; .
' N
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N = ko ')‘1‘6 b, cnd W =iN. For the ccse. where "I’/.I real and 7‘]2 lmGQlFWGl')/(

we just change J] - 11 , and YI "’AK]- .

The transverse field components of the -h‘dnsf_Ormed fields are

erived trom the longitudinal fields by Eq. (2.5). .

Therefore the actual fields, e.g., -'HZ,3 (p, ¥, z) and

i Ez3 (pw, z) can’llvae.‘obi‘aihféd by Fourier frcmsformqﬂoh-:

| e iy KL
Hys(s, 0 = = ) [ 3 H CP we””"’]e Ay

2 m=xl ',_J

i h
23 =]
0o -

' Lmé’
¢, ¢ 1) = Lo g[z F (9 e Je o\b’ (2.11)
- As explained in the rod c‘os_e-“i, ‘the réql poles 7, can be shown
togive rise fo surface waves gﬁi&eddnd unattenuated cloﬁg the fibre, .

- The various coefficients can be conveniently expressed in the

following form:

_ where /—\('}’) is the dispersion equation, and is derived from det. [M1]. It is
interesting to note fha_t_def IM] ="

. .
) ¢k _N» V ny " J]‘(X)Y](__) T (CV | ] N) A(?)

ollt
Here, A_U’) is the dit_slper_sio‘n e§ucfio_n of a source-free ;lqdded fiber, -and hcs.been

derived previously.
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3. Radiation Power

For the power radiated, we integrate the real part of the radial
component of the complex Poynting vector in Region 11l over a cylindrical surface .

of radius p greater than b, i.e.,

oo 2T ..~' .
| . o pz)|papdz
‘ [ : ) 3 2y E (pd= Haz(f #;Z)JP Faz
Pr:?‘”—-““:’ Qe JJE E';L‘a(ﬂqbfz}sz% ¢, %) z3 . ! - ‘ «
Nitye, 2 % R | |
S ' (3.7
‘ vo a7 : | -
_ P e, P, $ V) dedy -
_“47\".//—4:;: ceo O - - using Parsev.al'..s

" “Theorem

* where’ P(P,lﬁ"’,a') = Rel EE_%(P’A(?'?)‘H:’%#’?/ ¥) - {A—;a\(ﬁ?) ) _H;:(f’, ¢ )

N.ovg.Fc.)r | v l > 1, -the .rqdi‘(;l componénti of ff\e complex -P'oyn_ﬂ'ng '
' vecfor is pUrél_y imuginary, .cérresponding to the evanescent gqidéd mbdgs He;wce,
these do not cﬁnfribufe 1‘6 the radicfed‘.power. .By r'rhki_hg the usual fur.field
appréxihﬁcfionsfor the Hankel Func.ﬁons and realizing that ’)’ = cos.Q , Eq. (3_.])_‘ .

becomes

: P,—:J:j{

Po,g)dedo gy

R -ﬁc'>r-1\ séi'f-ing Y = cos@ an‘din'fegrcﬁng over ‘ ‘y lsl



. for these two terms.
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 where P(G $) = ,mf"[f +R cos 29 - Pasmz@)jsmcb 69

P.o= 5 [|LaCcos e>;s""+tcm~<cose>l"’l;' ey

m=%1

‘i’;—-\

Z[ G-L),‘ G’Vﬂf GH‘AC’()A N Lt,tl—n—)';"LniLg—:} | Q-‘*Q

LaCcos@y= 1 _  +il
S =
G teos) = G"r; G

The in’r_egra‘nd P(O, sﬁ*) in eq. (3 3)is pr0porhonol to- fhe power

intensity dt-ongles (9, 90) '_H_encé P(@, ®) can be interpreted-as the radiation

Power deem; It should be noted, however, fhcu‘athel terms P]2 “and P.13 do not

contribute to the radiated power since the az_ir_hufhc:l .(30) integrations are ‘zero

- Hence, the total radic‘n‘e‘d poWer becomes:

J@Z 5 Uj_m(co)e)lf% G, <c059)i Jde
‘ 'om'i' o : K S

G

.

. Where_ S .2' | : S - o :
R :_,\S_o_/_;éﬁz g [\L (COSGHH (“’59)‘]0‘9 (3.6)

o
S =%
m l o

S o] ""\"L- LY (.an)
P‘2 2[6‘:;_16 TG&J;Q;A ‘JT’,!L"Y}“I Ul b“l]
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is the radiation resistance of the point source on the fiber axis.

The integral in-equation (3.6) is then computed numerically.

lr? Fig. 3 (q,l.o,c)',‘ wé plot the radiation powér‘ quelﬁ

PO, ©) for fhje three principal planes, i.e., | P(© ,VOVO) , P(O, 90?), and

P( 900,. @), where each oﬁe is norma“zed with ifs E:orr\esponding maximum :vqlue .
\‘Nhen V= O“.], théxl'e are null; along the 2~ a.xis (Fig. 3.&; b), as éofnp@red

- to that of a po'int dipole in free space. This.corresponds to the poWef launched -
_into the ‘gUi\cAl‘e.d.mod_es propqgaﬁné in fhe' Z -axis (both Fprwérd and backwaid). )
For the case of V = ] .5, .2.4~We-sHH hqv.e nulls’olong- the Z - axis; but nc\‘N'fhe
power pattern displq‘y‘s many minimums as well . TheApaHem in ‘fh.e; transverse

~ plane of the fiber axis (Fig. 3.c, »P(S’OO,' ©)) is the same as ‘\“ha’r in free space..

.- *3.1 Fraction of lﬁcidenf Power Scattered into Radiation

by a Small Scattering Volume on the Fiber Axis

The ‘incic.lent‘ HE; power is: .
- | B 2 - o 2-. _ -
P, (HE]j) =7 b SI (V) Ay

where 1rb2— clctddin'g area

A] = excitation coefficient of HE]’_]

Si (v) = integral expressions ovf fields

(see eqs..7.] in Report No_‘.' 1)

-V =2q ")\G € = e, ,nomalized frequency
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3
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~As stated hefore, the power radiated by a small scattering volume on the -

fiber axis is given by -

1

Pr=1/2 12 R o 3.8
m . .

r

11

1/2 (w Ae | E! | A, V')Z' Rl_g for a dielectric pqri‘i'cle‘(e')‘. ’
"Taking the ratio of Pr to Pi and normalizing wifhsc‘d;i‘fering parameters

(Ae, v'), we findlly get

Ilz

P etV E,

: e el o . @(\f)' "(3.9)
P“_ (AE" VI)Z ‘2TT Zoz (e,”‘ 62_) SL(V) - r ’ NE .
. where A:; = (e! —;; ), €' - scattering ~porficle
vio= .—-\-',3— , 'n‘ormq! ized scattering volume (a is core radius of ﬁbré) :
Z = - =376.7 L -
o € -

- o
_ -a _ (core radius)

- (cladding radius)

) E‘i ] = transverse field infrehsi"ry at the scattering centre
= =12 : e , ; e
Rr V) =b Rr . normalized radiation resistance for a point

~source on the fibre axis
For the infinite medium approximation (with a refractive index -

N 1

), we merely replace the normalized radiation r.ésistcmce . (El)

of the clcxd.d.ed Fib_re by the corb,espoh'dix%g' one of the infinite medi'um,. i.e., N




“infinite-medium approximation.

20"

R(v) > YR D . (3.10)
< 8042 1 | | n
where R -=(—=——) . (-—————2—— ), radiation resistance of a point
° M A | e
o source in an infinite medium (n])

In Figure 4, we plot the fraction ofpowégr scattered into

radiation normalized dccording to eqbofibn (3.9). The infinite medium -

approximation is also shown for comparison. We conclude from the results that o

the infinite medium approximation is reasonably go.od.ond‘moyv disagree by about
one or two - dB with the exact solution. This is for a sccrh‘eﬁng ce_h‘rré' on or very

near the{ffbre axis. It is speculated, however, that an off-axis scattering centre

" might produce a more pronounced difference.

The ratio of the exact soluti on of the power rod'iiqte‘d-‘(Pr) to the

infinite~mediom opprb_x‘imoﬁén (PO) is'given by

'_Pr 2 lm Rr - ARr SR R (3.11)
2

which is just the ratio of the corresponding radiation resistances as defined earlier.
~ The variation of this ratio with the permittivity difference between = -

the core and cl‘qddi'ng,.'i‘.e. , be = (e] - 6-2), is i‘HUStrdfec.i in Figure 5.

Contrary to the expected fesult of having the ratio approach one as the difference

Ac g.oes-td»zerQ_,. the graph shows an oscillatory behaviour about the value one.

© The departure illustrates fhe_. difference between the exact solution and the .-
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A-letter which reported some preliminary results on the problém
of scattering. loss from a localized inh.omo\genei_fy in a cladded'-oPtiédl'. fiber

has been published and is included herewith.

Fig. § should replace Fig. 2 in the letter.
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SCATTERING LOSS IN A CLADDED-FIBRE
OPTICAL WAVEGUIDE

Indexing  terms:  Optical wareguides,
Scuttering, Greew's-function aethods

Lihre optics.  Light

An exact analysis using the Green's-funclion f\)rmulauon of
the problem of scattering from a lacal inhomouyencity nside
a cladded-fibre waveruide is carried out, and yields a radiation
loss higher than that eviluated from the inlinile-medium
approvimaiion

There is considerable current interest in improving the trans-

nussion characieristics of glass-fibre optical waveguides, and
one specific problem i this domain is the reduction of the
attenuation of the optical waves caused by losses in a cladded
fibre. Such losses arise because of both absorption and
scattering.! ~* The absorption is caused by traces of metatlic
ions tn the eslass fibre  Scattering losses are mainly caused by
Rayleigh scattering and scattering duc to mmperfections mn
the bulk of the core and in the ‘waveguide' imperfections

- The former 1s due ta minute dicleciric inhomaogeneities frozen

m the glass. while the latter may be introduced by such
fabrication-induced scatterers as bubbies, crystallites,

of scattering ventres canses loss of energy by radiation when
light 15 guided by the fibre. Further,
guided mode (the dominant HE;; mode in a monomode
fibrey 1s scattered also into higher-order modes. This mode-
and - reconversion phenomenon  causes  error
signals, and limits the channc} capacity in an optical-com-
munication system.

~ The object of this letter is to present a theorctical model”
to account for losses due to discrete scattering centres within

the cludded tibre. . For the present purpose, the discussion is
confined to 4 consideration of the radiation toss from one
scattering centre .in"a single-mode’ cladded fibre operating in
the dominant HE;, mode. It is'assumed that the scatterer 1s

m
2
o -80
5 L l ! 1 1
3 a |
@
~~ 40 )
a
(@)
40
8ol | o
! ] I { | [
-0 12 3 4 5
.' S V=2n(o/7\0)\/(e,-eg) '
F|g 1 Normallsed radiated power PP AeAv)? agamst the

‘normalised frequency V = 2u(alXy) V(e =62}

Py s the power 1n the wncutent HE; mode
Ae €6’ . .
Diclectric +,

exaet

~w = e {nfinite mediam © .
(11)()['1—-2()!-_«_‘\4 £, = 2025, t,=~l0
Y bja = S.r = 2 M, ry = 225,65 = 1

dust -
purticies. cracks, core-cladding irregulavities cte The presence

power carried in the’

.the Green's

~available.
previousty for « diclectric rod fo a vldded tibre, The method
of analysis involves expressig: the dipole und the. lclds as a-

small compared with the incident wavelength and the size
of the fibre, conditions that are usually metin practice. To a
first approximation, the scalterer can, be assumed to be
approximately spherical in shape. and hence Rayleigh theory®
holds. It thus Jollows that the radiation ficlds from the
spherical scatterer are the same as those from a short clectric
dipole paraliel to the lmuknl electric field and wnh a dipole
moment .

4 \12 - ] 3 __
D = Argg £p 5+ E , Co 1
_0 2 1\'2+2 ! . : t
where
P -
N2 = Rl +.i""""l'"" - ll.l..) (2)
R MmeyE, ", :

- and n," and »n, are the refractive indices of the scatterer and

the surrounding medium, respectively. &, &, and o are the
permittivity and conductivity of the scatterer. mes, is the
permittivity of thc %urroundmc medium, » 1§ thc radius of

ﬁcotter‘-ng entre on hbre axis

Pr/Po

NI S o

O} 005 91 0-2 03
001 ez lecy)

Flg._ 2 Norma//sed radated power PlPo against d/electnc
difference 3¢

EAYEUATHRY
ro= % () (o

¥V == 2:405 .
£y == 2:34, &y varied, e3 = 1 0

bla“ X 3 e
e———bla=3 . . N .

the scattering sphere and £ is the énxplitude of the incident

electric field. Hence the current moment of the short dlpole
is relatcd to the dipole momenl by

CAx=joP L . : (3).

where Ax is the length of the dipolc’and‘m is the angular

frequency of the incident wave. The current moment ¢an also -
be expressed as'JAv, 'where J is the induced current density’
in the scatterer and Ar is its volume.

Snyder.' and Clarri-
coats and Chan® considered the problem of radiation loss

" ‘from a scattering centre in a cladded fibre by assuming the
cladding to be infinite mn extent. and. because of the small .

dielectric difference. between the core and the cladding, using
the expression for the power mdmtcd from an. mhmxcsmml
dipole into an infinite medium ¢ &,

pom e (1)

asan ﬂDprO‘(l mation.

for the simpler case .of a-transversely oriented infinitesimal
dipole on.the axis-of a diclectric rod. the Green's function is
We shall now u.lcnd ‘the analysis® developed

}oumr lntcvml ln thc z dm.uton .md aAl oumr series in the

S '(4)"

It was pointed out by thesc authors that |
-function formulation for vpen-bounded cylindri-

“cal hybrid-mode structures 1s-extremely complex. However,
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. J.2 o ko? - < Ca
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frequency V =
- of alb. where P, is the incident power in the HE;{ .mode,

¢ direction in a cylindrical co- -ordinate system.  The lorgi-
tudinal components of the ficlds are given, in the core
(0 < p < a) by

]

JEzi mlp.?) Jom {-—- Y, (kam p)

+ An(¥) Ji(ko /’)}

(5)-
Hayn(py7) = Ll/;-{' —é—} (ko1 p)
| + B i (ko1 p)
in the cladding (¢ < p < b), by
JBaamlp vy = J 12 En() Yitho 112 p)
+ Fu(y) Ji(ko ys p)i
- i i : (6)
-]]xz.m(p~'r',_ch']Z{Cm(}') yl(ko /3 /7) . .
_ _ + Du(y) Ji(ko 02 p}
and. in the free space (p > b), by
].E:S.m(.py.)') = :ir.- Lm(?) ”1(”(/\'0”0 /)) .
o ' N

I]zl."m(p: }’) = jc G,,,()’) 1 l(l)(kﬂ o /)), »
where :

+ . Je g
Je = I“"'/‘U'\/llu‘

m=lor—1l,m =vie—y )= NI ) Yo ﬁ\/(i_m}s .

J. is the current moment on the dipole and » is the Fourier

‘transform variable, and G, and L,, are two ol the eight un-
* known cocfficients.in the fields that can be determined through

the imposition of boundary conditions. On applying the

Fouricr transformation and. Parscval’'s theorem. ‘the total

radiated power is given by

1
(jm 2

o

I‘ mn

No

.>¢j1')" . (8)

and can be evaluated by numerical integration.. Fig. 1 pre-
sents results of P/PtAcAl)* as a function of the normalised
2n(allo) v/ (e, — 1) for two different values

de = g,— & and AL = Aefr3. It is intercsting to notc that
the radiation loss calculated from the Green's-function solu-

tion is about 5 dB higher.than that obtained by the infinite--

mediuni approximation of eqn. 4.. Within the validity of the
Raylcigh theory, the Green's-function solution gives the

Reprmted from ELECTRONICS LETTERS  28th June 1973

‘solutions can be checked.

‘4 VAN DE HULST, H. C.:

exact solution where boundary cffects at corc-cladding. and
cladding—free-space interfaces have been taken into account,
and hence against which the accuracy of approximite
The 5dB is the difference in the
calculated power radiated when only one scattering centre is
considered. In a long fibre, there will be many scattering
centres, and the cumuldti\c difierence in the calculated trans-
mitted powcer levels over a certain distance of the fibre can,
therefore, be quite dppl(.Cldblk,

In Fig. 2, the ratio P,/Po has been plotted as a function

of the diclectric diffierence, where Pg is the-power radiated
from the same dipole into an infinitc medium &,, as given by
cqn. 4.

ment, ‘the finite boundary at p =h has been taken imo
account, so that, in the himit, the cladded fibre becomes a

diclectric rod as dg approaches zero. . The variations observed.
in the calculated power with changes in de illustrate the .-

departure from the infinite-g;-medium approximation when
the boundary effects are taken into account..

To summarise, we sce that the infinite-medium approxima-
tion in the evaluation of radiated power from a scattering
centre can lead to inaccuracies.® Within the validity of the
‘Rayleigh scattering theory, the Green's-function formulation
yields the cxact solution. Morcover, the latter meihod can
also be used to compute the spatial distribution of scattered
power,
rcporlcd fater,
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This ratio does not approach unity as-the diclectric -
difference vanishes (de — 0); because, in the present treat- -
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*Light scattering by small particlcs’ (Wiley,
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4. Surface-Wave Power .

For 2 > Q, fhe.su;‘Face wave contribution to the fields,
e.g., Hy3 (o ,' ®, z) and i E73 (p, %, 2) can be obtained by eQalud’rin'g

the residues at the poles - ¥ = )’s ‘with the following results.

For 0 < P< a:

e | e B (3 .m<o TR A
Flz!(9,¢?z>zonjey:‘}:&l*————é,(&) 1, J(koqy e
. o ‘ K ( . L'KC;S
T E (paz) = ik, Z J (K, Vz,?)e ‘e
z1 o A(zﬁ _
| | S 7

where A| v'(ys ) = J

‘Fdr c:.'<_ P <b: T

aré real ("Leaky" bmodes)

Case 1: When ‘both 77] and 772

Z[C Y( ho’?z?) +D J (‘\ovlz ?)J ””‘S“’ LKOXEZ e o

H <9¢Z)—~LK‘ NI

m=t]

(4 20)

- (K Yy J(K“m ™ Lkr
LE(?cbZ)wa[_[EY G F 7_3 "’6 i

. =t A(&
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o twice that in the positive. Z direction.
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" Case 2: When n  real and 77V2 imaginary ("propdgaﬁng" modes )

CK ey + B Tk imle s
4 (5,62) =ik, 2[ i S )] i ke 2
“ A7)

W)":t\

(E. <<szle>+i~ 1m~(2:e>] RT3
%o | (4.2b)

LF <P<bz)~u<J>

- =

For p.>b'

2 G\<<K1ml'§’5 imd LKt 2
i) o}J‘ b e o¥s 2.
H (P«i?z) l”{ }gﬂ TR e

(4.3)

L. KCKkim,10) oimd oiKEZ
m=x| A(X;) '

»thef field po}npénents can also bé c‘>b"fc_1in.e§‘!.b‘y the use of Eq. (2.5).

" Because of symmetry, the fotal power carried by surfope:w‘oves is

,v'. v
I '

ze, =2 (Ps]'f‘ P, + P )A | (4.f4),~

s 2 _-53
;-_whe.r.e
S J f’df’d4’ 9¢1)H*(943z>'~E<s34i1)H*<.f>,4>,7.) (4.50q)
: Sl /(’{a o v .<Pl “. . f‘l Pyl ; o
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WWR j! FC‘?GC}"{E (9¢Z)H (?‘}"2’.) E (9(}’/:)H“(9(.52)} (4 5c .

Thqs,

o a - ‘ o S ’ o N
: — ReJ pap Z { A (S’> P (?> E (§>>HP“ (9)} (4.60)
f/%, Co o m=E prm | e

- b o
@2::. LS g ?d?Z { E ff’)H *<?>— (?)H (@} (4.§b)

2, p2m
JUD«’EO L =1 :

- Re=T—=R. r?o\eZ{E (€>H (e)-E (§’>H *C?‘k - (4.8e).
I €, m=gp . ‘
| R A o

It is clear from above expressions that total "surfage'—v;/ave éoWer‘ ig
equal to the summation of power carried by the in‘d'ivvi.dpcl modes, and there is

. no contribution from the cross—over terms.

Finally, from egs. (2.5), _(4.1) (4.2), 4, 3) and (4.6), we have
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- ob
p _l_)\STY K‘le(Kl"{lb)Ré{(lmAm—z Qggm

S8R 20 AP K <K'7olb> poyey

>4 Qapm};

2‘7) iPZW\ £1

Qi = zzr(lL \ Gl o’
- Q;,m'#[r(lL\ Hc,%)—vm(afi G116, I
- And the t.otql surface wave power§ can b._e-r‘\or,mqli‘zed.wi\th réspecf fo the source
| .cutréhf‘qc:cording‘tq »
S 2 S e e

where P is the normalized power.
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5. Results and Discussions on Mode Conversion due to a Scattering Center ‘

First the surface-wave power expressions are checked with those
~ of the rod case by making ¢

2

“specified situation, the surface wave power agrees very well with that of the rod

= 1.001 and C = 0.9999. It is found under this

case. This checks the correctness of the analysis.

Fig. 6 shows the computed results of P-s for HE” r E-HH ,v and

HE]2 versus the normalized frequéncy‘ V. At the transition from the Clc:ddihg (leaky)
modes to the core (propagating) modes, ﬁs goes through some kind of a minimum.
From the characteristic curves in Fig. 2, the transition from the cladding region to

the core region of the _HE] mode is sharp, hence the transition of 135 from the

L .
| cladding region to the core region is sharp too. For the E‘H”-" and HE]2 modes,
the transition is wide over a band of ri_ormal-i‘zed frequency, hen"c»e also wide i\s.fh'e

1‘('ahsh‘ion‘ofi T)s from the cladding region to the core region.
. FAig‘. 7 shows the ratios of P /P, P /P and P./ P for the
. . - 10 st 27 s 37 s T
modes where P

HE.. EH.. and HE

By Eipy Py roandP

1772

“in core, cladding and outer air regions. At higher frequencies, most of the power is

refer to surface wave powers

12 3

con"cen_frare.d |n the core as'predi(':fed.
As meﬁ ﬁ.oned'beforé, when w.e incx:ease fhe ratio ;’)fib :‘.q, ,f‘hé:r_e
‘ will be mor_e dnd more modes e*&‘ifé'd by the .scaHer.ing c.el.ﬂer. " Mode ldenhﬂcahon '
will require more computational ‘ﬁ‘me_dnci better ﬁroéramrﬁing technique’sx. This IS
. espe‘ciélly $0 c.xs-)»’ épprodches f€2 >(e.g>.,1 the 7= .5‘0_.liAne. in Fig'.'2) where all
'fhe'claading;modes vs}ill-‘ QSympf&riédH:y coverage at higher nornﬁélfzed‘ frequencx ;avn...d

, _Wherg we are close to the _ffansi‘tivon from the "leaky " modes to the "propagating " modes .
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Or;ce | ﬁ; for all the scattered moéeé.'a're es’ra.bliéhed,. we .'hGVe o
normalize them to the incié’erﬁ‘ power and ;Cdffel'iIWQ volume and express them in
i‘e:jm.; of dB for compr:;rison with existing data (such as i;hose by Clarricoats c:m_d

Chqn); |
| As E. Rawson sugges’red. ’rEcﬁ during pU”.in-g.Of a .c.ladding fibre,
some -of the im.pu.rifies will be elongé’red %oAbecome "die}ectric‘inéédle‘é". This

o )
will be studied in the near future, too.
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use the unperturbed values (,y, V) of the mode spectrum. The geoﬁwefry is

“triangle with vertices (1-2-3) gives .

ABPENDIX

Minimum Bend Radius Determined by Critical Angle Criterion

We now derive an approximate expression.for the minimum bend - .
radius by using the critical angle criterion. It is assumed that the bend has a
negligible effect on the dispérsioncuﬁxes of the guided modes, so that we can
illustrated in Figure 8. Focusing attention on a single core mode (6 > GC),
it is seen that in entering the bend these guided core rays leak out into the

cladding and hence Acau‘s‘e mods conversion Applying the law of sines on

R R+ d |
‘S;n gb = Sin (“ — Q) ) 7 d1 = 2C1 . (A-])

d, sin 6 :
R, = ——— g

sin.\_Q - sin. Qb

The critical angle criterion is Ob = "QC]

=d] sin GC] : “n, d

o) . .‘ ' . . )
» sin 6 - sin Qc] Y ny

on using.sin 0 =
ing Zel
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- FIGURE "8 .. Deferm?nation of Minimum Bend Radius: (R‘C)' by the Cl'iifiéq'l

Rt o - . Angle Criterion 1 sin 0 1= 2

n]

Ky a’
sin@ kn 4
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Hence,
. cLl
.'Rc - RO o 2. _)
= - ' , for core mode . - (A.4)
('y - n2 ) - ‘ . : .

Equation (2.71) also holds for a Clchlding_‘mod‘e provi-de& we replqcé d] by d2 .
and n by n, =1, i.e.,

2 3

R
R(1) 1 Y 2

(o~ n.2 )

2 .20 (vt '," for cfadding mc'a.de."(-)‘/,"V)_ (-A.é)
| w-v

_ -1t is noted that at cut-off, i.e:, 'y = 1, equation (A.6) givés’__
(2) | o - o

c

R

- 0, which means that power will leak out into the outer medium even .

though the fibre axis is straight (as expééﬁ‘fe‘d by the definition oféu'r_—-off) .

(1)

Equation. (A.5)-qbdve shows that, for radii .smc:Her than R o power .frc;m a .

; «core mode will be .couple‘d fq‘c: clc’:ddiné mode ; whereas equation (Aé) ‘sh_ows
that, for r.adii smaller than R(CQ) : .p‘ov>ver from q clqcfdinglméde wi:.ll Be coLJpled :
invi'ro rqdic.x‘rigén In both cdses, m\ode cionv'ersiqh will also qué plqce, _'sin\c;a‘ fhe
ben_d_mAixes.vfhe_ characteristic qnglleé ('Qr.\m) ideﬁ'rifying fhe Quidéd mbdés. l'ri»

6

“should also be observed that a fibre of micron dimensions (d, ~ 107 4m)' can

-3

)
2

tolerate sharper bends than one of millimeter dimensions (d, "~ 10
makes the ‘opﬁcql fibre more attractive than the millimeter dielectric-rod or tube .

= |, for coremode (v, V)  (A.5)

m). This.
| S (11

)
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referred to Gloge ; Marcuse

No attempt is made here to evaluate the power loss from the .
waveguide bend. The original intention was only to give some physical insight
into the nature of the problem. For more detailed treatments the reader is

(12)' (13) cm“d MG\'Cc:fili(1‘4)~.

AN
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