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ABSTRACT

The propragtion constant in W-fibers is calculated numerically through the calculation of the spot
size using a Gaussian distribution for the electric field. This propagation constant helped in finding
the effective refractive index of these ﬁbers The obtained results assure that this technique applies

only for single-mode fibers.
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LINTRODUCTION

The spot size is an important parameter for
characterizing single mode fiber properties which
takes into account the wavelength dependent field
penetration into the fiber cladding[1]. It is a better
measure of the functional properties of the single-
mode fiber than the core radius. It is sometimes
called the fundamental radius and hence it is
regarded as the single-mode analog of the fiber core
radius in multimode fibers.

The spot size,ry, of the fundamental mode is an
important parameter as it directly yields an estimate
of the propagation constant, 3, and consequently the
effective refractive index, ogrs it can also be used to
calculate the fraction of power transmitted through
the fiber core [2]. It directly yields an estimate of
the splice losses, microbend loss and waveguide
dispersion of the fiber [3].

For step and graded index sigle-mode fibers, the
field is well approximated by a Gaussian distribution
[4], and the spot size is taken as half the distance

between the opposite ¢! field amplitude points in
relation to the corresponding values on the fiber axis.
The fiber under consideration is characterized by a
refractive index profile of the form:
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n2@)=n{ 1-2a(/a)? +2ma(t/a)} 1< a, (1-a)

= nf{ 1 2al= n22 r>a, (1-b)

where n; is the axial refractive index, a is the core

radius, r is the radial position,o and m are two
tailoring parameters. It is clear that, at the core-clad
interface (r=a), there is a sudden change in the value
of the refractive index. This results in a shift in the
zero dispersion wavelength to lower values [5]. This
type of fibers based on silica is fabricated by the
modified chemical vapor deposition (MCVD) and
exhibits low loss and high information capacity [6].
Section II presents the model used to determine the
spot size. The quadratic vanation (m=0) is studied,
firstly, to check the validity of this technique and
the obtained results are compared with the
published ones giving a fair agreement as discussed
in Sec.IIl. Secondly, the parameter m is taken into
consideration to study the biquadratic varnation
which represents the W-type fiber. Finally, some
conclusions on this work are given in Sec.IV.
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II. THEORY
A. Spot-Size and Propagation Constant

In the cylindrical homogemeous core waveguides
under the weak guidance conditions, the solutions of
the wave equation, giving the electric and the
magnetic fields, are separable in the r, ¢ and z
coordinates. The radial varation, y(r), of electric

field can be obtained by solving the wave
equation[1] :
(97514 ez g2 - £y ye =0, @
dr? rdr r?

where & (=2x/\) is the wave number, \ is the free -

space wavelength, n(r) is the fiber core refractive
index profile, § is the propagation constant and &
is the mode number.

Our main objective i1sto find: a good approximation
for the electric field Y(r) and the propagation
constant B of the fundamental mode (&£ =0) on
fibers with core refractive index profiles n(r). Since
the function Y(r) has a maximum at r=0 and
decreases to zero as r increases for the graded index
profiles [2], Y(r) can be approximated by a Gaussnan
distribution of the form[4]:

Y(r) =( 2)”2 exp[~(t/rg)?] , A3)

where r; is the spot size and the factor precerding
‘the exponential function is arbitrary and is chosen
for normalization. :
“The " propagation constant, 8, can be obtained
“through the function y(r) as [4]:

e ason

0
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@

Since the value of the spot size, 1, corresponds to
the maximum value of the propagation constantf
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[2], therefore:

3 _ s
3r0 ( )

Equation (3) is substituted into Eq.(4) and the

quantity 82 is found in terms of 1y and then used in
Eq.(5), resulting in an equation of a root 1 , which
can be calculated numerically. The obtained values
of the spot size ry are then substituted back into
Eq.(4) to get the propagation constant § numerically
also.

B. Effective Refractive Index

The effective refractive index, n_ g, can- be
considered as an average over the refractive index of
the medium [7]. For single-mode fibers, it is defined
by the ratio of the propagation constant of the
fundamental mode, (3, to that of the wavenumber, k

[8]:
neg = Bk 6
III. RESULTS and DISCUSSION
A. Spbt Size and Propagation Constant

“Following the procedure described in Sec.ll,
Eq.(5) is solved numerically using the increment
search method [9], vyielding the spot size, r,,"at
different values of the affecting parameters for both
quadratic and biquadratic refractive index profiles.
The values of the tailoring parameters o and m,
Eq.(1-a), are chosen as follows: A

The parameter a(<<1) is the relative - mdex
difference between the core and the clad refractive
indices, while the parameter m takes the values

“between m=0 for the quadratic refractive index and m < 1.0

for the biquadratic one, such that n(a) <n,.

To discuss the results, one must recall the
normalized frequency, V, and its cutoff value, V,
which are important parameters in dealing with
single-mode fibers. On the basis of the equal volume
method described by Snyder[2], V, for the fibers
expressed by Eq.(1-a) is obtained as:
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V. =2.405y/1/(0.5+ m/3) s @)

which coincides with the case of the quadratic index
when m=0 [10].

The described method used to determine the spot
size was first examined in case of quadratic vanation
in the refractive index, Figure (1), showing a
complete agreement with the work of Marcuse [11].
Figure (1) also displays a sample of the results when
the biquadratic refractive index varation(m # 0)
considered.
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Figure 1. Variation of the spot size with the
normalized frequency for quadratic and biquadratic
refractive index profiles.

To apperciate the accuracy of using the Gaussian
distribution in the present work, the obtained
propagation constant, (3, was compared to that
obtained by Jacobsen [12], using the perturbation
theory, which has the form:

B2=nk?-20 k(2«)"%a + 2m/a? + 9m?/2a’n k(2a)"? 4

+ 79m%8a‘n]k%a . )

This comparison is shown in Figure (2), where it is

clear that the valués ‘of 8 in ‘both methods are very

close especially for small values of m. This is

because the use of the Gaussian approximation
yields an increased error for values of m>0.
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Figure 2. Comparison of the propagation constant of
the present work with that obtained by the
perturbation theory.

The effect of the different parameters on the spot
size was then investigated and the obtained results
are represented in Figures (3)- (6).
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Figure 3. Variation of the spot size with the
wavelength at different core radii.

From Figure (3), it is clear that as the core radius,
a, increases, the ratio ry/a decreases. This is because
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the increase in the radius, a, will turn the fiber to
operate as a multimode one when the V number

{ =21ran1\/é—&— /\} exceeds the cutoff value, of the
single-mode operation, and the Gaussian
approximation will not apply as mentioned before.

This is the case also when the wavelength, A,
decrease because decreasing N will increase the V
number over its cutoff value yielding a multimode
operation for the fiber.

Concerning the effect of the tailong parameter m,
Figure (4), it is clear that the ratio ry/a increases with
m because the increase in m will decrease the cutoff
value and the fiber will be a multimode one and
again the Gaussian approximation will not hold.
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Figure 4. Variation of the spot size with the
wavelength at different values of the tailoring
parameter m.

The effect of the axial refractive index n; is
studied separately in Figure (5) showing that as n,
increases, the value of ry/a decreases. This can be
explained as follows: as n; increases, the ray tends to
propagate closer to the fiber axis resulting in a
decrease of ry and consequently in the ratio ry/a.
This occurs also when the tailoring parametera
increase, Figure (6)
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Figure 5. Variation of the spot size with the
wavelength at different values of the axial refractive
index.
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Figure 6. Variation of the spot size with the
wavelength at different values of the tailoring
parameter a.

B. Effective Refractive Index
Equation (6) 1s used to calculate the effective

refractive index, n_, of graded index fibers. The:
variation of n g with the V number is represented in_
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Figure (7) for both quadratic (m = 0) and biquadraic( m # 0)
variations of the refractive index. It is clear that, the
value of the effective index increases with the
increase in the tailoring parameter m, which can
easily be explained by the positive sign in Eq.(1-a).
In all cases, it can be noted that the value of n_g
varies over the interval n, < Mg < Ny, which
satisfies the varnation of the propagation constant
over the range ny)k < B < nyk for single mode fibers
[1], where n, is the cladding refractive index.
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Figure 7. Variation of the effective refractive index
with the normalized frequency for quadratic and
biquaqdratic refractive index profiles.

IV. CONCLUSION

The Gaussian approximation was used in solving
the wave equation in single-mode W-fibers to find
the spot size and the propagation constant of these
fibers. The accuracy of this approximation was
studied by comparing the obtained propagation
constant with the corresponding one obtained by the
perturbation theory, giving an almost complete
agreement. The effect of different parameters was
studied showing that the spot size increases with the
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tailoring parameter m and the operating wavelength,
A\, and decreases with the fiber radius, a, the axial
refractive index, n;, and the tailoring parameter <.

The obtained results give an indication that this

approximation applies only for single-mode fibers.

An important result of the described method is
obtaining the vanation of the effective index with
the normalized frequency, V, for both quadratic and
biquadratic (W) variations of the core refractive
index.
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