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We present two numerical approaches to calculate the geometrical birefringence from two-dimensional refractive-

index profile in single-mode fibres. One is the improved perturbation model theory, the other is based on the general

solution of noncircular uniform optical waveguide in an arbitrary coordinate system. Using these methods, we can

obtain not only the magnitude of geometrical birefringence, but also the orientation of birefringent axes. We report the

calculation results of geometrical birefringence in a real single-mode fibre.
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1. Introduction

Polarization-mode dispersion (PMD) becomes
important in very high bit-rate optical communication
systems.['=4 PMD is caused by the local birefringence
in fibres. The PMD has been modelled by using the
dynamic equation!®!

02 0AB

9. = aw AP )

where 2 is the PMD vector, A = (AB; ABs A,Bg)T
is the local birefringence vector, z and w are fibre
length and angular frequency respectively. From this
equation, we know that PMD distribution in fibres
depends not only on the magnitude of the local bire-
fringence vector, but also on the orientation of the
fibre’s birefringent axes. In commercial telecommuni-
cation fibres, the circular birefringence (3 is negligible,

so local birefringence can be expressed as!®!

cos 2«

sin2a |, (2)
0

AB(z,w) = AB

where Af; is the magnitude of the linear local bire-

fringence, « is the angle between the birefringent axes

and the z-axis of the coordinate system. If we want
to determine PMD distribution along the fibre, we
must know AB; and a distributions simultaneously.
Ap; includes intrinsic birefringence and induced bire-
fringence. The former includes geometrical birefrin-
gence and stress birefringence. In this paper, we only
take into account the geometrical birefringence, which
comes from the noncircularity of refractive-index pro-
file in real fibres. So the problem that we need to solve
is how to calculate the local geometrical birefringence
using two-dimensional (2D) refractive-index profile.
In the past 20 years, several methods have been
developed to calculate birefringence in weakly-guiding
optical waveguides.[”9 In the analytical method, the
authors only analysed the simple profiles which are
different from those of real fibres. In the numerical
method, both scalar perturbation method and vecto-
rial perturbation method presented can only evaluate
the magnitude of linear birefringence, not the orien-
tation of the birefringent axes; and the symmetry of
the index profile about z-axis or y-axis must be as-
sumed. But strictly speaking, the 2D index profile in

real fibres has no symmetry at all.
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This paper is divided into four sections. Firstly,
in Section 2 we will present an improved vectorial per-
turbation model method which can calculate the ge-
ometrical birefringence, both its magnitude and the
orientation of its birefringent axes, from the 2D in-
dex profile measured directly from a single-mode fibre.
Then we also present another novel method based on
the general solution of the noncircular uniform waveg-
uides in an arbitrary coordinate system. Finally, in
Section 4 we calculate the geometrical birefringence
in a real single-mode fibre from its refractive-index

profiles measured on the preform.
2.Method I: Improved vectorial

perturbation model

In Ref.[10], a perturbation model for computing
optical fibre birefringence from a 2D refractive-index
profile has been presented, in which the author has
almost obtained the full information about the bire-
fringence vector, what he left out needs to explain
further.

An arbitrary 2D index profile can be expressed
as nyg = n, + An, 9. We consider this profile to be
axially uniform. As we know, in a uniform waveguide,
there always exists a pair of orthogonal linearly polar-
ized modes Er, with p = 1, 2,111 which are given by

the equation

(Vi +k*nly— B2)Ery + Vr(Ery, - VrInnl ) =0,
(3)
where k is the propagation constant in free space, 3,

is the propagation constant in the fibre and Vy =
0 19 4

o r+ — %9 is the operator in the cylindrical coordi-
r r

nate system. Generally, fibres are weakly-guiding, so

the longitudinal field component E, ~ 0. The total

field can be expressed as
Er = a1Eriexp(jf12) + as Eroexp(jfaz). (4)

The birefringence is defined as AB; = |31 — Bal-
When n, ¢ = n,, Eq.(3) becomes

(V% + kznf — ,Bg)eTq + VT(eTq . VT lnnz) =0. (5)

From Eq.(5), we can obtain the two orthogonal de-
generate linearly polarized modes ery, ¢ = 1,2. The
transverse field E1, is the linear combination of the

two degenerate modes

2

Erp = ZCpquq' (6)

q=1

We calculate

{erq Eq.(3) — Erp - Eq.(5)" }ds
and consider the orthonormality condition to be
ery - er,ds = &py, where &y, is the Kronecker

delta function. Thus we have

/ / (€yq  V3Er, — By V3elr,)ds

+ [[ 122 =) = (82 = B)ler,  Bryds

+ [[ley Vr(Br, Vrinn,)

— Er,-Vr(erq - Vrin n2)]ds = 0. (7
Considering

2 2 2
N, 9 =N, + 2n,An, g + Anm9

~n? + 2n,An, g = n?(1+ 26,.9)

and 4,9 = An,g/n,,
// (erq - VT Erp — Ery- Vier,)ds
+ / / 2k2n28, 0%, - Brypds — cpo(B2 — B2)
+ [[ by Vr(Br, - Vrin(i +26,0)ds

+ / [e}q . VT(ETp . VT lnnf)

— ETp . VT(eTq ‘ VT lnnf)]ds =0. (8)

According to the Stokes theorem, the first and the last

items are equal to zero in Eq.(8).[10] Hence we obtain
Cpq(ﬁp% - /53 )

2
=- Zcpl{ // 2]62713.67.’96}(1 - erids
=1

— // 26}(1 . VT(eTl . V’I‘(S',-,g)ds}
2
= Zcleql- (9)
=1

By calculating the eigenvalues of the matrix M, we
can calculate the two propagation constants §; and
Bs. Finally, the geometrical birefringence can be de-
duced.

To determine the birefringent axes, we substitute
the known £, into Eq.(9), then we obtain a ratio
¢p1/cp2 = tana. This a is the angle between the z-
axis and the birefringent axes related to 3.

To compute the vector solution erq, ¢ = 1,2 of

unperturbed field, we use the numerical method in

Ref.[12].
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3.Method II: A novel method
based on the general solution of
the noncircular uniform waveg-

uides

‘We have obtained a new form of Helmholtz equa-
tion in Ref.[11] as

V3. Er + {k*n? T — 5% +
= — VT(ET . VT lnnia),

(AB)I — 2BABV }Er
(10)

_ — 1 0
whore § — ﬂ1+ﬂ27 Af = B1 /32’ I—
2 2 0 1
cos2a  sin2a
and V = < ) For an unperturbed
sin2a —cos2a

fibre, AB = 0 and Eq. (10) can be changed into

=0. (11)

—2BAﬂ// [e;-VET—ET-(l

- / / (B - Vrinn2,)(Vr - €f) — (e}

(V2 + k*n? — f%)er + Vr(er - Vrinn?)

. VT In nz)(VT . ET)]dS

Based on the numerical method described in Ref.[12],
we can compute the # and unperturbed electric field
er.

To calculate the birefringence AS and birefringent
axes, we consider an elliptical core step-index fibre and
assume that its 8 and A are equal to those of our
noncircular fibre, but its major axis and minor axis are
superposed with z-axis and y-axis respectively. Then,

it meets the following equation:

V?pee + {ani — (B2 + Aﬂ2) — ZBA,B( 1 . ) }ee

—VT(ee . VT lnnz), (12)

where n. is the refractive index of elliptical core fibre,
e, is its transverse electric field. We make the manipu-
-(10)— E-(12)* and then integrate both sides

over the infinite cross-section. After simplification, we

lation e

obtain

>ez] ds + k// (n2, —n?)e’ - Exds
-1 :

(13)

1
In Eq. (13),if Er = Er; = ( cosa >ET1 and e, = ( )ez. Here e, is the mode field of elliptical core
sin 0
fibre and can always be expressed as/'3]
T T
JO(UE) , W2 JO(U)Kz(W)J2(UE)
+ et — cos 2« r < a,
L) RO TS T R ”
K(](WE) 2w2 J(](U)JQ(U)KQ(WE)
—— tef— cos 2« T > a,
Ko(W) 8  J(U)Ko(W)

where J,, and K, are the nth-order Bessel functions, U and W are the mode parameters in the core and cladding

respectively, e is the ellipticity, a is the radius of the core. Then Eq.(13) becomes

by cosa+ bysina =0,

Oln n de’ d1lnn? OET;
b z _ e * 2 _
5 5 o () () -
0 ln nT 0\ [ Oe dlnn2\ (OEr \ .,
w1 (5 )= (55 (55 )

From Eq.(15), we can compute the orientations of birefringent axes which are represented by the angle a.

(15)

where

ds,

2\
ne)ezETl

—sina 1
Now, in Eq.(13), if we let Eq = Epg = < )ET2 and e, = < )ez, we can obtain
0

Cos &

—4BABsin o // e;Erods = dj cosa — dysina, (16)
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where

dln nrg oe’ d0lnn?
A (G )(ax)Em—( z

8ET2 %
) (552

81 * 2
// n"r °) (% Ers — 9/ nn, ) (0Frs e; — k(n2, —n? )e;Ers }d&
oz oz ™

From Eq.(16), we have the magnitude of birefringence
AB; = 2|Ap|. But, the above equations have been
found under the precondition that 3, AS of the ellip-
tical fibre are equal to those of the noncircular fibre.
So, we have to recur to iterative method to achieve
the final result. The major procedures are:

1) Using the numerical method in Ref.[12] to cal-
culate 3, mode field et of a circular fibre.

2) Taking the mode field of the circular core step-
index fibrel!3]

Jo (U%)/JO(U) r<a,
Ko <W2) JKo(W) r>a,

as the first-order approximation of mode fields e, and

(17)

€y =

et as the first-order approximation of Er, we can find
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the first-order approximation of a; and AB;. Then we
can obtain the second-order approximation of e, and
Er.

3) Using these second-order approximation of e,
and Er to obtain the second-order approximation of
as and Afs, then we obtain the third-order approxi-
mation of e; and Er.

Repeating this process until |o; — a;—1] < €1 and
|AB; —

curacy requirements we need.

ApB;_1| < &9, £1 and eqare the calculating ac-

4. Results and conclusion

Fifty of two-dimensional refractive-index profiles
in a single-mode fibre have been provided by Yangtze
Optical Fibre and Cable Company Ltd, one of which

is shown in Fig.1.
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Fig.1. A 2D refractive-index profile measured in a single-mode fibre (a) along z direction (b) the 3D profile.

Using the above two methods, we have calculated
the geometrical birefringences for different profiles.
Both results are almost the same with very little dif-
ferences, as shown in Fig.2.

From Fig.1, we know the refractive-index profiles
in a real fibre are deviated from perfect circular sym-
metry, and the deviation causes the geometrical bire-
fringence. Furthermore, the deviation is random so
it cannot be simply described as elliptical symmetry.
Then we must find out a method to calculate the ge-
ometrical birefringence from the arbitrary refractive-
index profile. Compared with the calculation of the

magnitude of birefringence, how to determine the bire-

fringent axis is a more complicated problem. We
One

is to improve the former work to make it possible to

present two methods to accomplish this work.

calculate not only the magnitude but also the bire-
fringent axis. The other method is based on the con-
cept of the general solution of the noncircular uniform
waveguides in an arbitrary coordinate system we have
presented. With the two methods, we calculate 50 of
the 2D refractive-index profiles we have measured in a
fibre preform. The results show that the two methods
have very good consistency. We can learn the geo-
metrical birefringence distribution in a real fibre from
Fig.2.
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Fig.2. The magnitude (a) and orientation (b) of geometrical birefringence for 50 sections.
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