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tt has long been recognized that the bending losses in weakly guiding optical fibres are
independent of the polarization for large bend radius. Here, we show this fact using
the volume equivalent current method. The procedure is then applied to a helically
bent fibre and it is shown that the radiation from the helical fibre is also independent of
the polarization as long as the fibre is weakly guiding.

1. Introduction

It is well understood that a bent fibre radiates energy. It has been assumed that this
radiation is independent of the polarization for large bend radius [1, 2]. This fact can be
illustrated by the equivalent current method of Snyder and Love [2] as described in
Section 3.

In the case of a helical fibre, the radiation is due to bending loss and helical loss [3]. If a
multimode fibre is bent into a helix, the radiation acts as an effective cutoff for modes [4].
In the previous analyses, the polarization is assumed to stay parallel to a rectangular
coordinate axis which is invariant with respect to the helical path. However, in reality, it is
well known that the polarization slips back owing to the torsion of the helix [5]. Thus, one
needs to include this rotation of polarization in the radiation calculations. We have
performed this analysis and observed that the total radiation is independent of the
polarization slip.

2. Analysis for a circularly bent fibre

The circularly bent fibre is shown in Fig. 1. The fibre has a core radius p, core refractive
index n., and cladding index n. The fibre and index parameters are denoted by V, and A
as V =kp(nd —nd)'2, A = (nZ —n3)/2n2, where k = 2r/)\ and ), is the free-space
wavelength. R, is the radius of curvature of the bend and it is assumed to be large
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Figure 1 Circularly bent fibre.

compared to p to satisfy the slowness criteria (equation 19-17 of [2]):

&>>il (])
p T N2AW?

where W = p(3° —kznczl)l/2 and [ is the phase constant of the mode. As a typical
example, for the following parameters:

Heo = 1.560 Ap = 850 nm
ny = 1.557 o= 5pum
V =3.574 U=1.857
A = 0.006 W = 3.055
the slowness criterion gives
R./p > 43.929 (2)

which is satisfied for the bend radius in the range of a few millimetres.
The equivalent current method follows from Maxwell’s equations. The core region of
the bent fibre is replaced by an equivalent volume current of strength

1/2
3=ik(2)" (nd, - nd) B ©
Ho

where E is the field in the core. If E is known or approximated then the radiation from the
fibre is calculated by antenna theory. The easiest approximation, which is known to be
valid when the slowness criteria is satisfied [2], is to take E as the mode in the core without
any modifications. The radiation loss obtained by this method has been shown to agree
with previous results [4].
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In previous calculations, the core field is assumed to be linearly polarized in the
direction perpendicular to the plane of the bend. Henceforth, this will be referred to as the
‘perpendicular polarization’ case. Here in this paper, we will be analysing the ‘parallel
polarization’ case in which the core field is linearly polarized in the direction parallel to the
plane of the bend (Fig. 1). The equivalent current in this parallel polarization case is given
by

Ho

where a_ is the unit vector along the radial direction away from the centre of curvature of
the bend. For the single mode fibre, the electric field strength £ is given by

E =¢"P"Fy(R) (5)

. [ €0 172 2 2 A
3=i(2) " kind - ) i @)

with

Jo(UR)/Jy(U) core

Fy(R) = :

Ko(WR)/Ky(W) cladding
where J,, K, are Bessel functions of order 0, z is the distance along the fibre, R = r/p, and
the parameter U is given by

U= p((kneo)? = B2

Accordingly, the vector potential (equation 21-20 of [2]) is given as follows:

M= J;’“ IR, exp {iR, [ﬂd)’ — kg sin 8 cos (¢ — ¢')]}

X [Ag cos 0 cos (¢ — ¢') + &, sin (¢ — ¢")] d¢’ (6)

where I, = 27p? fol pRAR, and p=|J|, ky = kny and z is approximated by R.¢’. In
Equation 6, only the transverse part which contributes to radiation is included. A careful
examination of the above integral shows that the integrand oscillates quite rapidly except
at stationary phase points which are given by

B+kysinfsin(g—¢')=0 (7)
which yields
. N_ B
sin (6 - 6) =~ = ®)

Using these values, the integral in Equation 6 is well approximated by

o sin 6 in 4

2 pa—
M= ﬁg cos f4/1 — )8 + ﬁ¢ IB 27chIc'|JI/(kcch sin 0)' (9)
k kcl S
where v = BR, > 1. The total radiated power in the far zone is given by

2n pw
P,ad:aJ J[|M9|2+|M¢,|2] sin 0d0dg (10)
0 Jo

where o = (k2ng/3272) (1o/€0)"/?. Substituting Equation 9 into Equation 10 and setting
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ne, & ny, we obtain
 R2 o 12 2 12 on
Pog=-— (22} —=| J2(kR.ny sin 0)( f} 2(6))do
a= o (1) [ 2 rena sin 0) (@) + A0 (1)

where

~ky sin 6

If we use Debye’s approximate value for the Bessel function in the integrand, we get

1/2 12 72 on :
Pug= 1% (ﬂ) v ILJ sin 0000) __ s0) 49 (12)
8p? \eo/ neo Alo (82— k2 sin? 9)1/?
where
3/2
2 kyR, (8% .,
S@)=—-- << |- 9 13
©) 3sin29<k§ s (13)
and
Q(6) = f1(6) + /(8) (14)
Now, we can search for a stationary phase point of the above integral.
25(8) _
a9 0 =
2 172 2
= (f—j—sinz 9) (—%sin20—£—czl—sin2 9) =0 (16)
2
ﬁsinzez%gl (17)
cl

Therefore the stationary phase point is very close to n/2, so that § = 7/2 can be
substituted into the coefficient function of the Bessel function in the integrand. Then we

get
P =ﬁ12 R 72 Ho 1/2_V2_ -?ﬁexp _‘_‘&AA._W3 (18)
ad T3yt \p €0 w3z A 3 p V?

which is the same result as in the perpendicular polarization case [2]. It is also noted that,
in the asymptotic evaluation of Equation 11, the contribution from M, is zero (since
J1(8) =0 at 6 = n/2). For the perpendicular polarization case the contribution from M,
is zero. The radiated fields of both polarizations are orthogonal, so the power loss is
additive for the parallel and perpendicular components of an arbitrarily polarized field.

108



Effect of polarization on the radiation losses of bent optical fibres

Figure 2 Helically bent fibre

3. Helically bent single-mode fibre
A helical fibre is shown in Fig. 2. The helix has a pitch p and offset Q. The helix angle 6, is
defined by cos 6, =p/(p* + (27Q)?)"/?. The helix axis coincides with the z’-axis and 0
and ¢ are the spherical angles as shown in Fig. 2.

It has been shown that the direction of polarization of the field rotates along the helical
path due to the torsion of the helix [5]. Let o denote the speed of this rotation, then the
equivalent current is given by

Jeq = [ax cos ag’ + 4, sin ag'|p (19)

in the core region, with p being the magnitude in Equation 1. The vector potential
becomes

M=aM, +i,M, (20)

where

MV:NJL exp | —j Cl — kg cos 6 )z’
' —L cos 0,

( 2w ,)
cos|a—:z
p

—jkyQ sin 8 cos (d) - %rz')J dz’ (21)

. ( 27 ,)
sin [ a—z
p

To get the radiation from a helix of infinite length, L must be taken to infinity.
Substituting M, = —M, sin ¢ + M, cos ¢ and My = M, cos ¢ cos § + M, sin ¢ sin 6,
we obtain

T (27
Prag ZUJ J [|M,|*(sin* ¢ + cos> ¢ cos> §)
0 Jo
+ |M_V|2(cos2 & + cos’ 0 sin? ®)
+ | M, ||M,| sin ¢ cos é(cos® 6 — 1)]sin dode (22)
It is also noted that the last term in the integrand vanishes after the ¢-integration. Using
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the following decompositions,

cos <a2———7rz’) 1 [exp (jaz—wz') + exp (—ja2—7—rz’)]
p 2 p p

sin (az—ﬂz') _1 [exp <jaEz’) —exp (—jaz—wz')]
p 2 p p

Equation 21 can be written as

M,=M,+ M,
M, =M, - M,

L
I (_B

M, a=L -
X ZJ_L CXP[ J(cos 6,

where

— kg cos 6 F a2—7r>z’]
p

X eXp [—jkle sin 4 cos (¢ - —2—}2’)] dz’
and

L
_k (P AW
Myg—zjj exp[ J(COS G, kg cos 0$ap)z]

2
X exp [—jde sin @ cos (qS - fz')] dz’
The radiated power expression can be written as
w27
Paa =0 [\ || 1M+ s (506 + cos? ¢ cos? 6)
0lJo

+|M,, - Myblz(coszqﬁ +cos? 0 sin? ¢)]sin 6d0ds

Using the relation

NgL

exp (—jz cos 8) = Jo(z) + 2 (J)"Jm(z) cos (mf)

3
1

we have
7! . ayy .
My =75 [Jo(kle sin 6)Fys + 2 Zl ()" Tk Q sin 6)Fyye
M, :% [Jo(kle sin 6)Fpe + 2 2—31 (7)) Tm(kyQ sin 0)F,,
where
sin [L(——ﬂ—— k cos Gigzlﬁ—zm—ﬂ)}
Foo= expd jmo cos 8, p ¥4
"y 2 2
’ L( B —kclcosﬁ:tﬂ—l—ﬂ)
cos 6, )4 14
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2
sin [L(—B—— kg cos Oﬂ:a—7r—2m—7r>]
cos 6, V4 P

L( 8k, cos aiﬁz—“—zm—ﬂ)
cos 6, 4 )4

+ exp ] —jmo (33)

Each term has a (sinx)/x behaviour which has a maximum at those points where the
denominator vanishes and it is essentially zero everywhere else, since we are interested in
the limit L — oc. Therefore, the doubly infinite set of terms in IMX;;IZ and |My2|2 simplify
to the following:

2 sin?[4s]
M| =M, =2 1202 (ka0 sin 6 b
M =1 = L3k 50 )| =
+p21? i T2(kyO sin 0) Si"Z[Bg]JrSinZ[CZ] (34)
p m(kaQ sin
m=1 ¢ [BZ]Z [CZ}Z
where
8 2n
a=L - — 5
As (cos 7, 1 Cos 0 Fa ; (35)
2
B::L( B _ g, cos 9q:a2—”+—'"f) (36)
cos 0, p p
B 27 2mm
.= L — -~ 7
G (cos 7, kgcos0F a > > ) (37)

The cross terms in |M,|*> and lMyI2 contain M,,M, or M,, M, respectively (the
superscript (*) denotes complex conjugation). These terms are equal in magnitude and
their total contribution to the integral in Equation 29 is zero. Since the speed « is given by

a = cos (6,) (38)
for vanishingly small fibre thickness compared with the radius of the curvature, some of
the (sin x)/x functions will have peaks at imaginary values of 6. The contribution of these

peaks at imaginary values of # has to be discarded for the power loss calculation (as in
array antennas), and |M_,c;z|2 is written as

2 )
2 K 22 - sin”[4;]
o] =1L k b
|be| 4 JO( c]Q s 0){ [A,’j]z
R m=§w Pk sin 6) sinz[BZ] sinz[C;] (39)
M m (Kot SIn +
. B:]? [C:]?
where m are values for which
cos 8, = A am _ 2mn (40)

e ————— :F ———
kcl cos Op pkcl pkcl

yields a value of 8,, between 0 and 7. The expression for |My;
other words,

| is exactly the same, in
| Ms|* = | M) = | M52 (41)
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Substituting these in Equation 29, and noting that |M;|2 is independent of ¢, we get

Prad=27mj (IM,]? + | My |*)(1 4 cos® 8) sin #d0 (42)
0
Defining
Ié] a2r  2mmw
=L|———k bFr——— 4
q:; (COS ep 1 COS U+ P ) ( 3)
dgy = Lk sin §d6 (44)
the integral in Equation 42 becomes
Pog = 2mop’L? zm: J2 (kg Q sin 6,,) (1 +cos? 6,,) Tk
) ot 2
x J Sinlgs) 4g, +J Sin(g-) 4, (45)
z” qi z” q-

where z* and z~ correspond to the values of g, when m goes from i, to mp,,. If we now
increase L indefinitely, the integrals have value , so

47r20,u2L
ad = 7.

P
’ k cl

> I (kaQ sin 6,,)(1 + cos® 6,,) (46)
m

This expression is exactly the same as found in previous analyses (equation A17 of [4])
which neglected the rotation of the direction of polarization.

4. Conclusions

We have demonstrated that the equivalent current method can be employed to predict the
bend loss in an optical fibre for both orthogonal polarizations of modal field. The same
analysis is then carried out for a helically bent fibre and it is observed that rotation of
polarization due to the torsion does not affect the radiation loss.
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