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In this paper, propagation characteristics of a single polarization optical fiber with the cross section of arbitrary

shape are numerically studied by applying the circular Fourier expansion method. Firstly, for a single elliptical

core fiber, an accuracy of the circular Fourier expansion method is discussed by comparing to a rigorous analysis

method using Mathieu functions. Secondly, as an application of the circular Fourier expansion method, a single

polarization optical fiber composed of an elliptic core with round shoulder and fluctuations in the pit of circular

periphery is designed so as to satisfy the zero total dispersion at wavelength 1.55um and is discussed for the sin-

gle polarization bandwidth and the wavelength sensitivity of the total dispersion. These results are compared with

the case of the single polarization optical fiber without round shoulder and fluctuations.
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1. Introduction

Single-polarization optical fibers (SPF’s) are useful for a
long-distance transmission line in the large-capacity optical
communication systems'. We have analyzed propagation
characteristics of a SPF composed of a core, cladding, and
hollow ‘pits of the ellipse and/or the circle®~®), The point
matching method (PMM) was taken for the numerical tech-
nique. Whereas PMM is quite reliable for almost SPF without
stress applying area, an application to SPF with complicated
profiles such as non-uniform refractive index profiles will be
difficult. As such case, SPF with round shoulder and the re-
fractive index fluctuations, which cause in a production proc-
ess, is supposed. In our earlier work, the influence of round
shoulder and fluctuations was analytically found for single
mode fibers with axially symmetric structure(®, In this paper,
the circular Fourier expansion method (CFEM) proposed by
C.Vassalo!” are taken to attain the propagation characteristics
of SPF. This method can be adapted to the optical waveguides
with radial and angular non-uniform refractive index profiles
in a homogeneous cladding (see Fig.1). In Ref.(7), optical
waveguides composed of various refractive index profiles are
not studied and the accuracy of the results are not investi-
gated.

In the numerical analysis, SPF composed of an elliptic core
with round shoulder and fluctuations in the pit of circular
periphery (non-ideal SPF, see Fig.2(b)) are investigated for

structure parameters satisfying the zero total dispersion, the
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(b) non-ideal SPF

(a) ideal SPF

Fig.2 Refractive index profiles of ideal SPF
and non-ideal SPF
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single polarization bandwidth, and the wavelength sensitivity
of the total dispersion. These results are compared with the
SPF without round shoulder and fluctuations in Ref.(3) (ideal
SPF, see Fig.2 (a)). Furthermore, an accuracy of CFEM is also
discussed for the case of the single elliptical core fiber ob-

tained of the rigorous propagation constants.
2. Formulation

The cross section of the fiber with arbitrary refractive index
profile is shown in Fig.1. The cylindrical coordinate system
(r,0,z) are introduced. We shall confine the treatment to
propagating with the
exp(—jBz) . The harmonic time dependence exp(-jwt) is

waves along the z-axis factor
omitted in the field expression. The cross section of the fiber
is divided to two regions of S§; and S, along the r-axis. S,
is the inhomogeneous area including core, pit, or cladding.
S, is the homogeneous area of the only cladding. The refrac-
tive index in the region S; and S, is nl(r,ﬁ,/l) and
n,(L), respectively. Since only symmetrical structure with
respect to x-axis is considered throughout this paper, the
circular Fourier expansion of the refractive index profile and

its reciprocal in the region S, are denoted by

N
ni(r,0,A) = 25,, (r,A)cos po (1)
&

TN
1/ni(r,0,1) = Ze;l(r,x)cospe, 2

where £,(r,A) and &;'(r,A) are the Fourier coefficients.
The electromagnetic fields in the region S,(¢=1,2) can be
also separated into the even modes and into the odd modes.
The electromagnetic fields of the even modes in the region
S, can be expressed by the circular Fourier expansion as

follows:
N
ESO (r,0) = jZEZ(,f) (r)cos po (3)
&
N
H{(r,0) = j ) HY (r)sin p6 (4)
p=1
. ‘
EJ’(r,0)= " E;,) (r)sin p8 (5)
p=1
¢ i L
H(r,0) = HS.) (r)cos po (6)
&
N
EX(r,0) = ZES) (r)cos p8 N
&
N 3
H{(r,6) = Y HY (r)sin p6 (8)
p=1

where Ez(lf)(r) , Hz(zf)(r) ) Eg)(r) ; Hé;)(") ; E,(,f)(r) ]
ﬂH,([f)(r) are the Fourier coefficients. The odd modes can be

analyzed by interchanging sin and cos together with p=0 and

p=1. EQ(r), HY(r), E)(r),H{)(r),ES)(r), and HY(r)
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in the region S; are derived from equations (3)-(8) and
Maxwell’s equations. The Fourier coefficients of the electro-
magnetic fields in the region S, (r =#) are as follows:

diEi;>(r)=kon<‘>(r) PES®)

L HY ()= -5 U @)= BHL )
dr L (9)
; EQ () == EDC) +k2oHY () - LEY ()

,

LHY() =L HY ) -0, () + LHY )
0 r

EQ(ry =22 [114,; ") +Vs, <r)]
k |r
o (10)
@) _ Y o® _ ey}
HY0) = |2 B O BEQ )

where U.,(r) ,Us,(r) ,V, (r),andV;,(r) are p-th coefficient
of nl(r,0,E,(r,0), ni(r,0,A)Es(r,6),
and [1/n}(r,0,A)]H,(r,0) ,
pedance in free space. The simultaneous ordinary differential

respectively. Z, is the wave im-

equation (9) is calculated by a direct numerical integration
method. We implement this computation by 4-th order
Runge-Kutta method. For the aim of an efficient numerical
analysis, the homogenecous region Sy is located in the region
S1 correspond to the refractive index profile. The region S,
has the variable radius 7y in the range of O<7ry <7 and the
The Fourier coefficients of the
fields in the So(r=n)
S, (n <r) can be analytically given by the Bessel function or

refractive index ny(A) .

electromagnetic region and
the modified Bessel function of the first kind and the modified
The

propagation constants can be computed from the eigenvalue

Bessel function of the second kind, respectivelym .

equation which is obtained by imposing the continuity con-
ditions of the boundary at 7 =7, and r =r. The normalized
propagation constants of the even and the odd fundamental

modes are defined by

NCALEA)
ok, (W)= A)

where #,,,(A) is the maximum value of m(r,6,A). The

a1y

g=e or o

effective cutoff wavelength A, is assumed to be the wave-
length at b, =10~*. The single-polarization bandwidth &2

and the total dispersion §, are defined by the followihg

equations:
SAEA, A, (12)
k2 d*B
A . 9 =
9 o T g=e or o (13)

Ao and A :the effective cutoff wavelengths of the even
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and the odd fundamental mode, respec-

tively.

B, and f3,:the propagation constants of the odd and the 0.6F T T ' I
even fundamental mode

A=1.0[%]

even fundamental mode, respectively.

¢ : the velocity of light in the free space. bc

3. Numerical results 0.4
b/a=0.9

Fig.2(a) is ideal SPF reported in Ref.(3). Fig.2(b) is i
non-ideal SPF with round shoulder and fluctuations in an 0.2

elliptical core analyzed in this paper. We assumed that b/a=0.2

—— by our results

fluorine doped cladding, and hollow pit. The refractive indices eee by Mathieu
0.0 | function

R (A) and m,(A) are given by Ref.(8) as 0.2 0.4 0.6 0.8 1
Amax (A) =15 (A) (14) 1/A
ny (A) =[ne (A) —ng (A))(d; /d7)+ns(A) 15) Fig.3 The normarized propagation constant b,
ng (A) :ithe refractive index of the pure silica. versus 1/ 2

ng(A):the refractive index of the fluorine doped silica

non-ideal SPF of Fig.2(b) are made of the pure silica core, the L

with 1 mole % doping level of fluorine (dy =1,

T .
F odd fundamental mode
d; :the doping level of fluorine. b A=1.0[%]

o /=L

dy : reference doping level). 0.6

Three-term Sellmeier equations® is used as dispersion char-

acteristics of ng(A) and np(A). As an example of round 0.4

T

shoulder and fluctuations, n;(r,6,A) of non-ideal SPF is
b/a=0.9

assumed to be expressed by the profile in Ref.(6). A derivation
method for the Fourier coefficient of m(r,0,A) is described
in Ref.(7). The relative index difference A(A) between the

inhomogeneous core and the cladding are defined by
‘ eee by Mathieu

A(A’) é [nmax (A’) - nZ (l)]/nmax (A’) (16) 0.0 L fll[lCtipl’]

0.2 0.4 0.6 0.8 1
The A(A) at A=1.55um are simply denoted by A. In the 1/

results, a is used both the semimajor core radius and the

0.2

bla=0.2

—— by our resultsq

Fig.4 The normarized propagation constant b,

radius of the circular hollow pit. The axis ratio of the elliptical versus /A

core is denoted by b/a.

The accuracy of the normalized propagation constant b,

and the single-polarization bandwidth SA are decided by the 0.2 . : .
truncation number N of the Fourier expansion and the division b/a=0.5  A=3.75[%]

number M of 4-th order Runge-Kutta. In addition, because S, b

is computed by a numerical differentiation method using the i single-polarization

three point central difference, the accuracy of this method also - bandwith

depends on the step width h. In the numerical analysis, the 0.1 M= hee-heo|
relative errors of 64 and S, are always kept less than 0.1%
by carefully selecting the value of N, M, and h.

For the even fundamental mode of a single elliptical core
fiber, Fig.3 shows a comparison of the value of b, computed
by CFEM (solid line) and the true value of b, computed by 0.0 | ) | )
the rigorous analysis using Mathieu functions (dotted line) as 0.62 0.64 0.66 0.68 1/ 0.70
a function of 1/A. b/a is varied between 0.2 and 0.9. Fig.4
shows a similar comparison result of prorogation constants

b, for the odd fundamental mode. It is found that b, and

Fig.5 The normarized propagation constant b, and
b, versus I/ 4
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b, of this paper well agree with the true value.

Fig.5 shows the normalized propagation constants b, and
b, as a function of 1/A for non-ideal SPF. From this figure,
the guided mode in the single-polarization bandwidth is the
even fundamental mode because A, < A, . Thus, total disper-
sion is analyzed only for the even fundamental mode. In this
paper, the operating wavelength A, (é A +OA/2) is fixed at
1.55 um, which gives the lowest transmission loss of silica
fibers. ,

S.| =107 ps/km/nm at A, =

1.55 um is taken as the zero total dispersion instead of exact

In the following results,

zero of S,.

Fig.6 shows the relative index difference A and the semi-
major core radius a versus b/a (0.5<b/a =<0.75) satis-
fying the zero total dispersion at A, = 1.55 um. The solid
and broken lines are the results of non-ideal SPF and ideal
SPF®), respectively. A and a of non-ideal SPF are differ-
ent as compared with those of ideal SPF.

Fig.7 shows the single-polarization bandwidth JA versus
b/a computing by A and a designed in Fig.6. The range
of b/a and the meaning of the solid and broken lines in
Fig.7 are as same as those in Fig.6. dA of non-ideal SPF
becomes fairly smaller by influence of round shoulder and
fluctuations than that of ideal SPF.

Fig.8 shows the total dispersion S, versus the wavelength
A at b/a=0.5. For a start, ideal SPF is assumed to be de-
signed so as to satisfy the zero total dispersion (see () in
Fig.8). However, if this ideal SPF is caused round shoulder
and fluctuations in production process, the zero total disper-
sion can not be satisfied (see @ in Fig.8). Then, the zero total
dispersion is realized by beforehand utilizing A, a, and
b/a for non-ideal SPF of Fig.6 (see @ in Fig.8). The wave-
length sensitivity dS,/dA of the total dispersion for
non-ideal SPF((®) ) becomes slightly larger than that for ideal
SPF (D).

4. Conclusion

In this paper, the non-ideal SPF composed of an elliptic
core with round shoulder and fluctuations in the pit of circular
periphery satisfying the zero total dispersion was studied for
the single polarization bandwidth and the wavelength sensitiv-
ity of the total dispersion. The results were compared with the
case of the ideal SPF in Ref.(3). The main results are as fol-
lows:

(1)The single-polarization bandwidth 6A of non-ideal SPF
becomes fairly smaller by influence of round shoulder and
fluctuations than that of ideal SPF.

(2)We found out the structure parameters for non-ideal SPF

that can be satisfied the zero total dispersion by an estima-
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tion of round shoulder and fluctuations profile.

The non-ideal SPF was numerically analyzed by CFEM. So far,

this method was not fully confirmed for an accuracy of
propagation constants that were the most fundamental data for
various propagation characteristic analyses of waveguides.
For single elliptical core fiber, we compared propagation
constants computed by CFEM with those computed by the
rigorous analysis method using Mathieu functions. A good
agreement of both results was found.
(Manuscript received January 29, 2001)
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