EFFECTIVE REFRACTIVE INDEX AND
RANGE OF MONOMODE OPERATION FOR
W-FIBRES

Indexing terms: Optical fibres, W avequides

Through the concept of ‘the effective refractive index’ of a
step-index W-fibre, we can define, in a very simple manner,
lower bounds on the normalised cutoff frequencies of the
fundamental and second modes of that particular fibre. This
allows us to specify the ‘normalised range of monomode
operation” which for most W-fibres has a constant value of
1-427.

Introduction: The normalised modal cutoff frequency and the
range of monomode operation in optical fibres is of great
practical importance. For the singly clad fibre having an arbi-
trary refractive-index profile, monomode operation ranges
from zero to the cutoff frequency of the second (TE,,) mode
which can be written as V,, = 2-405, where V is the effective
waveguide parameter.'

In the W-fibre, however, the range of monomode operation
has so far eluded a simple determination for two reasons. The
first is that the fundamental (HE,,) mode can have a nonzero
cutoff frequency V,,, and secondly the cutoff frequency V,, of
the second (TE,,) mode cannot be simply expressed.>*

It is the purpose of this letter to propose a new parameter
{denoted by Q,), which is a measure of the ‘effective refractive
index’ and provides a simpler description of the behaviour of
W-fibres.

The effective refractive index had previously only been used
to determine whether or not the fundamental mode is cut off.
However, we show that this new parameter allows us to define
the lower bounds on the values of both V;, and V;,, for a
given W-fibre, in a very simple manner. The range of mono-
mode operation (i.e. the entity Vo, — V;,) is then easily deter-
mined.

Throughout, we adopt Monerie’s notation.®’

Notation: Fig. la defines the refractive-index profile of a step-
index W-fibre. The normalised frequency is taken as

V = koa(n? — n?)'? (1
and the normalised propagation constants are given by
B = (B — kg n?Y/kin} — n?) (2)

for the bound modes.
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a Refractive-index profile of W-fibres
b Normalised shape function s(p) required for evaluating Q,
_nip)—n*,
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To specify the W-fibre completely we also require the par-
ameters:®

S =b/a l<S<w (3a)
2 2
_ny—n _
R_nf—ng 1<R<0 (3b)

Fig. 1b defines the normalised refractive-index profile s(p),
required for evaluating the parameter Q, which gives a quan-
titative measure of the ‘effective refractive index’. It is defined

as’

o

Q= JS(p)p dp 4

0

For the step-index W-fibre Q, can be written
1 2
QO'—:F(]'*'RS) (5)

From the limits of possible R and S values given by eqns. 34
and b, Q, has the following range:

05=>Q,> —05 (6)

It is clear from eqn. S that fibres with the same ‘effective
refractive index’ as defined by €, can have radically different
profiles (or different values of the R and § parameters).

Modal cutoff propagation constant and the parameter Qy: If
Q, > 0 then the fundamental mode has no cutoff, ie. ¥, = 0;
if Oy < O then we have a finite cutoff so that ¥, > 0.>™*
Fibres with positive ©, can be dealt with in terms of some
singly clad step-index fibre,* so their cutoffs and range of
monomode operation are well defined. In this letter we
concern ourselves with those fibres which have Q, < 0.

Lower bounds on V,, and V,, and the range of monomode
operation: Any W-fibre will have particular values of R and S
and consequently a particular value of Q,. However, for a
given Q, there is a range of possible values for R and S, i.e.

20,>R> —1 (7a)
while

o >8> (1 +2Q,) 12 (7b)
At one of these limits (R = 2Q,, $ = ), the normalised pro-
pagation constants B(V) for the bound modes may be written

in terms of the step-index (singly clad) propagation con-
stants:’

i v
BV =110, [B s <\/(1 T 200)) + 200] @
The modal cutoffs (V,,) are given by B(V,,) = 0, or
Veo _

We stress that eqns. 8 and 9 are only exact in the limit R =
2Q,, S = oo, and as such they can only be used to provide
bounds on the possible values of B(V) and V,, for a particular
profile with a particular value of €. The primed quantities in
eqns. 8 and 9 denote these bounds.

The curves of V', and ¥V, as given by eqn. 9 are plotted as
a function of the effective refractive index €, in Fig. 2. We
notice two things in Fig. 2:

(a) In the extreme limit Q, = ~0:5 (R = —1, § = o) we find
the well known result that the frequency V), for the
fundamental-mode cutoff approaches 2:405 and that the fre-
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quency V', for the second-mode cutoff approaches 3-832,% so
that the range of monomode operation can be written as

' ,
V(n - 11

1-427 (10
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Fig. 2 Plots of Vi and V', as functions of Q,

(h) Furthermore we notice that the curves for V4, and V7,
remain remarkably parallel over the complete range of €,
and only diverge when Q, is small in magnitude. This is
shown very clearly in Fig. 3, where the range of monomode
operation (Vy, — V) is plotted as a function of Q,. Eqn. 10
therefore applies over most of the range of Q,,.
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Fig. 3 Range of monomode operation (Vg —
of Fig. 2

V') obtained from curves

Remark: Indeed we find by exact calculation that the curve
given in Fig. 3 is accurate for all W-fibres. This means that
although the absolute values of V,, and ¥, do change for
particular fibres with the same value of Q,, the difference
between them stays constant and is given by the curve in Fig.
3.

We conclude that eqn. 10 provides a good ‘working’ expres-
sion for the range of monomode operation in all W-fibres, i.¢.

Vo — Vyy = 1:427 (11

We hope that this number (1-427) will prove as useful for
W-fibres as its counterpart (2-405) in singly clad fibres.

Discussion: It is interesting that the range of monomode oper-
ation is virtually constant for all W-fibres. However, in prac-
tice the knowledge of this range is useful only if we know
either V,, or V,, exactly.

Experimentally the second-mode cutoff frequency V,, is
casier to determine than the fundamental-mode cutoff fre-
quency V,,. Having an expression for the range of monomode
operation requires only that the simpler experiment be per-
formed.

We are seeking to develop the theory presented here to
provide more accurate expressions for B(V) and V,, by includ-
ing the second moment Q, (keeping in mind the usefulness of
the parameters Q, and €, in describing singly clad fibres®).
We hope that, by using these more general parameters, these
methods can be readily applied to W-fibres with arbitrary
refractive-index profile.

C. D. HUSSEY
F. DE FORNEL*

Department of Electronics
The University
Southampton, Hants. SO9 SNH, England

13th March 1984

* On leave from the University of Limoges, France

References

| GAMBLING, W. A., MATSUMURA, H., and RAGDALE, ¢. M.: ‘Wave pro-
pagation in a single mode fibre with dip in the refractive index’,
Opt. & Quantum Electron., 1978, 10, pp. 301-309

2 KAWAKAML S., and NISHIDA, S.: ‘Characteristics of a doubly clad
optical fibre with a low index inner cladding’, IEEE J. Quantum
Electron., 1974, QE-10, pp. 879-887

3 KAWAKAMI s. and NISHIDA, s.: ‘Perturbation theory of a doubly
clad optical fibre with a low-index inner cladding’, ibid., 1975,
QE-11, pp. 130-138

4 SAMMUT, R. A.: ‘Range of monomode operation of W-fibres’, Opt. &
Quantum Electron., 1978, 10, pp. 509-514

5 HuSSEY, C. D, and Pask, C.: ‘Theory of the profile moments
description of single mode optical fibres’, IEE Proc. H, Micro-
waves, Opt. & Antennas, 1982, 129, pp. 123-134

6 MONERIE, M.: ‘Propagation in doubly clad single mode fibres’,
IEEE J. Quantum Electron., 1982, QE-18, pp. 535-542

7 MONERIE, M.: ‘Fundamental-mode cutoff in depressed inner clad-
ding fibres’, Electron. Let1., 1982, 18, pp. 642-644



