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DISCRETE RADIATION FROM CURVED
SINGLE-MODE FIBRES

Indexing terms: Optical fibres. Optical-wareguide theory

The encrgy loss and field distribution in a curved single-mode
fibre are calculated in terms of the coupling between the
fundamental (LP, ) mode and the radiation tield. In agree-
ment with recent experimental results, it is found that, initially,
light travels in a zigzag path around the bend. and radiation
is emitted in discrete beams.

Introduction: Theoretical treatments of bending loss from
optical fibres have hitherto assumed a uniform energy loss
and constant (or no) field deformation around the bend.! 2
By contrast, experiments using single-mode fibres?-+ suggest
that there is a transition region at the beginning of the bend
where radiation is emitted in the form of discrete beams and
where the field distribution resembles that of a Gaussian
beam travelling in a zigzag down the fibre.5

In this letter, an analysis of bending loss in single-mode
fibres is presented which accounts for the experimental
observations very simply. Energy loss is determined by
calculating the coupling induced by the bend between the
_fundamental (LPy,,) mode and the radiation field (approxi-
mated by the lowest-order, or LP,,, leaky mode). The field
deformation is then accounted for directly by power transfer
between the two modes, and radiation peaks coincide with
points around the bend where the rate of power transfer from
LPo, to LP,, is greatest.

Theoretical approach: By combining the discrete, bound
modes of a straight dielectric waveguide with the continuous
spectrum of radiation modes, one can form a complete set
of functions in terms of which an arbitrary electromagnetic
field can be expanded. But, in gneral, i.e. in any system other
than the perfect, straight guide, the modes in such an expan-
sion are not power orthogonal.® Energy is coupled among the
modes as they propagate.

The modal expansion ceases to be worth while if extensive
mode coupling occurs, because the amplitudes of the indivi-
dual modes in the expansion are then difficult to calculate.
However, in problems where only weak coupling occurs,
analysis in terms of the modes of the straight fibre is very
useful, as it enables one to replace what may be a very com-
plicated structure by a much simpler one with a superimposed
coupling mechanism.” ’

Thus, in this letter, bending loss is studied not by examining
the modes of the curved fibre itself, but by considering the
bend as simply a mechanism for coupling together modes of
the straight fibre. Losses occur naturally as a result of
coupling to the radiation field. Moreover, the calculation is
greatly simplified by using a leaky-mode approximation to
the radiation field.®

Consider, then, a waveguide with a core of radius and
permittivity &, immersed in an infinite cladding of permittivity
£. The radius of curvature of the fibre is R and electro-
magnetic fields in the waveguide are described by using
cylindrical co-ordinates (r, 0, z).

Neglecting a small, saddle-point contribution to the radia-
tion field,* the clectromagnetic ficld of the curved waveguide
can be written as a sum of discrete bound and keaky modes
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of the straight guide.® Substituting this sum into Maxwell's
equations for the curved waveguide® and using the generalised
orthogonality conditions for leaky modes® leads to the system
of coupled equations

dl
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6H M
d .
# = - Eq: D, E,
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E, and H, are the amplitudes of the electric and magnetic
fields of mode p, u is the permeability, @ is the angular
frequency of the light, S, is a surface defined in Reference 6
and & = 14 (r/R)cos 0. f

The function £ enters Maxwell’s equations, because, in the
curved fibre, an incremental length is given by

(ds)? = (dr)? + (rd0)* + (&dz)2.

Its effect is to couple modes with azimuthal order v = ! to
modes with v = [+ 1, the coupling coefficients being given

Fig. 1
mically)

The fibre axis lies along the line r = 0, and negative values of r correspond to
Ppoints nearer the centre of curvature. In this example, v = 2-35, R/a = 1000,
0= |—¢fe, = 0-0015and d/a ~ 113

Field intensity in plane of curvature (plotted logarith-

by eqn. 2. The system of equations (1) is, in general, difficult
to solve. However, Gambling er al.® have shown that for
weakly guiding fibre, if backward-traveiling waves are
neglected and the field incident at z = 0 is assumed to be an
LiP;, mede, a good approximation is obtained by consider-
ing only coupling to the LP,, mode. This remains true when
the LP,, mode becomes ‘leaky’. The analytic continuation
of solutions given in Reference 5 can therefore be used to
calculate the field distribution in the curved, single-mode
tibre, although, in this case, the coupling is not between two
‘bound ‘modes, but between a bound and a leaky mode.

Results and discussion: Based on the above analysis, Fig. |
shows how the field of the incident LP,, mode is modified
as it enters the bend. Initially, the intensity distribution is
that of an LP,, mode. As it travels around the bend, energy
which was originally carried entirely in the LP,, mode is
then coupled back and forth between the LPs and LP,,
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modes, resulting in an oscillation in the position of peak
intensity. The period of oscillation, which follows from the
analysis of eqns. 1 and 2, is given by

d=n/Im[(C;;—C)*+8Cx"1*. . . . .

where Im denotes the imaginary part, modes | and 2 are
LPe, and LP,,, respectively, and C,,, C,;, C,, are defined
by eqn. 2.

However, since the LP;, mode is leaky, the oscillation is
damped and, as Fig. | shows, an equilibrium situation is soon
reached with the steady-state field distribution being offset
at a fixed distance from the fibre axis (in agreement with
References 1 and 2).

In the specific case illustrated here, d ~ 113a, corresponding
to an angular distance around the bend of approximately
6-4°, and equilibrium is reached after a distance of 500 to
700a. For comparison, measurements made on a fibre with
similar characteristics and surrounded by index-matching
fluid® show that six or seven discrete beams of radiation are
visible at the beginning of the bend and that the angular
scparation between successive beams is approximately 5-2°.

The agreement between these results supports the argument
that it is the oscillation of the energy peak which leads to
emission of the apparently discrete beams. This is confirmed
by calculation of the energy loss.

The mechanism for loss is the coupling of energy from the
LPy,, mode to the leaky LP,; mode and its subsequent
radiation. The power lost after a distance z is calculated by
subtracting from the incident power both the total power in
the LPy, mode and the power in the guided portion’ of the
LP,; mode (in this case. power flowing within a radius of
approximately 25a).

Fig. 2 shows the radiation loss P calculated in this way,
using the same parameters as in Fig. I.-Two significant
features can be seen. The first is that, although the LP,, mode
has a constant attenuation coefficient, radiation from the
curved fibre is, initially, not uniform. Since power loss
varies with the amplitude of the LP,; mode, the rate of loss
oscillates with the field distribution until equilibrium is estab-
lished. This is more clearly shown in the inset curve, where the
rate of power loss AP/P is plotted as a function of distance
around the bend. Peaks in this curve coincide with points of
maximum energy transfer from LP;, to LP,, and correspond
to the discrete beams of radiation found experimentally.3

The second point to note is that, while the uniform,
equilibrium loss predicted by this method agrees closely with
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Fig. 2 Radiation loss P and (inset) its rate of change as function
of distance around bend '
Peaks in the inset curve correspond to discrete beams of radiation emitted from
the fibre. ¢, R, 6 and « are as in Fig. 1
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that calculated by Marcuse,' the loss in the transient region
is considerably higher than the equilibrium value. In the
example considered, approximately 34 %; of the incident power
is lost withia an angular distance of 1° from the beginning of
the bend, whereas, in the equilibrium region, the loss/dcgree
has fallen to a uniform value of approximately 24 %,.
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AVALANCHE-NOISE DEPENDENCE ON
AVALANCHE-PHOTODIODE STRUCTURES

Indexing terms: Avalanche diodes, Electron-device noise,
Photodiodes

Excess avalanche-photodiode noise is caiculated by considering
photogenerated diffusion currents and photogenerated carrier
distributions. Computed results reveal the effects of junction
depth, depletion-layer thickness and incident light direction
on avalanche noise for various optical-absorption coeflicients.

It is known that excess avalanche-photodiode (a.p.d.) noise
depends on the incident light wavelength.!:? This effect
occurs when the composition of electrons and holes initiating
avalanche multiplication changes with the light wavelength
variation® and ionisation rates for electrons and holes are
not equal, as intimated by Mclntyre’s theory.® The initial
current composition is affected by the photogenerated diflu-
sion current flowing both from a surface layer and a substrate,
as well as by the distribution of photocarrier generation rate
in a depletion layer.

This letter reports exact avalanche-noise calculations,
without neglecting the photogenerated diffusion-current
contribution, from which the effects of junction depth and
incident light direction on avalanche noise can be elucidated.
The initial carriers undergoing the avalanche process are
assumed to be composed of diffused carricrs, photocarricrs

-generated within an avalanche region and drift carriers,

photogenerated in a depletion layer and injecting into an
avalanche rcgion. Photocarriers are assumed to be generated
with an exponential function. The a.p.d. model used in this
analysis is an n*-p-n-p* structure, which is an optimum
constitution to minimise avalanche noise in Si.* A high-field
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