NOTZS ON THE BASIC PRINCIFLZIS AND PROPERTIES OF OFTICAL
FIBRES

Transmission Principies
The simplest way to gonsider transmission
over optical waveguides Is to think in terms of
total reflection in @ medium of refractive
index ny at the boundary with a medium n,.
This is the situaticn in a typical muitimode
step index fibre such as that shown in
Figure | which would have a circular core of
diameter d and uniform refractive index ny
surrounded by a cladding layer of refractive
index n,. Light launched into the core at
angles up to 81 will be propagated within the
core gt angles up 10 84 to the axis. Light

Fig. 1 Ray Diagram for Multimode Step Index Optical Waveguide
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Since this is an electromagnetic waveguide
propagation, only certain modas which may
be regarded as rays corresponding to specific
quantized values of £,, can propagate.

The number of discrete modes, N, for light
having a wavelength of \ is given by:

2
N =05 (f-d—(/\f\ﬁ> ..... (2)

where d is the diameter of the core.

Thus for a given combination of refractive
indices (defined by NA in the equation), as
the diameter of the core is reduced, fewer
modes propagate. When eventually the
diameter becomes of the same order as the
wavelength of the light, then only a single
mode will propagate. Figure 2, illustrates
this point.
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Launching conditions
It is now appropriate to consider the probiem
of launching the light from a source, such as 3
light emitting diode (led), into the fibre.
Figure % shows a typical ray diagram for a
light emitting diode in close proximity to a
muitimode fibre. It can be seen that to

// Fig.3 Simpie Ray Diagram Showing

Launching Conaitions with an LED
Source and Multimode Fibre
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ensure maximum launching efficiency the
diameter of the active area of the led should
be not greater than the diameter of the core.
If the active area of the led were larger than
the diameter of the core then light rays would
enter the cladding region where they would be
severely attenuated. Even if the light source
is butted right up to against the fibre core and
matches its area exactly, only a portion of the
light emitted from tihe led would propagate,
namely those rays which strike the fibre at
angles less than 81. The higher the numerical
aperture of the fibre the more efficient the
coupling. Additional optical power can often
be launched into the fibre by the use of a
lens. Led’s with lenses incorporated are
commercially available and can be supplied
with or without fibre tails. The optical power
(watts/sterad/mm<) which can be coupled
into a fibre butted up against a source
radiating uniformly is given by:
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radiance (watts/steradian)

A = core or emitting area,
whichever is the smaller {mm?)

Muitipath Dispersion
Unfortunately there is a disadvantage in
having a high numerical aperture because it
means that a fairly large number of modes can
propagate along the length of the fibre. (See
equation 2.) Now different modes will travel
different distances along the fibre and thay
therefore arrive at the far end at different
times. This effact is known as multicath
pulse dispersion 2nd becomes a significant
problem in high speed digital transmission on
optical fitres. The difference in arrival time
at the far end of the fibre of a ray traveiling
along the centre of the fibre and one which
propagates with a maximum angle of 8, for
multimode fibres is:

At = %(nf] vy e (4)



Where At is known as the multipath '

dispersion, L is the length
of the fibre and ¢ is the velocity of light in a
vacuum.

The variation of multipath pulse dispersion
with various values of refractive index ratio
ny/ny are shown in Figure & From
Equation 1, there is a direct relationship
between NA and refractive index ratio. It

Fig. b Graph Showing Variation of Pulse

follows that the multipath pulse dispersion
increases with increase in numerical aperture,
or in other words the bandwidth decreases
with increase in numerical apértire.

A typical value of maximum theoretical
numerical aperture for optical fibres used in
telecommunications long-distance applica-
tions is 0.2. Fibres for use with short-haul
data links can however have NA's gs large as

0.5 because of the shorter distances and lower

bit-rates at which they operate.

Material Dispersion
As the number of modes that can propagae is
reduced by reducing the digmeter-of the fibre

core and also by restricting the refractive index

difference to very small values, then materiaf
dispersion rather than multipath dispersion
becomes a problem.

Material dispersion occurs as a result of the
fact that the refractive index of the medium
and hence the velocity of propagation varies
according to the wavelength of the trans-
mitted light. It can be a problem when
optical sources having wide spectral spreads
are used because dispersion of the trans-
mitted ouise results. Material dispersion
effects are however generally muchsmaller
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than those due to muitimode dispersion and

high speed dlg:ra transmission is stilf possible
provided the ||gﬁt source has a narrow enough
line width, eg semiconductor ldsers. ‘The way
in which the material disperston is<dependent

'on wavelength is shown in Figure £, The

advantages of systems operating at wave-
lengths around 1300 nm are guite apparent.

To illustrate the mechanism of material
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dispersion consider for instance a light
emitting diode which has a spectral. width of
approximateiy 40 nm. Dispersion will occur
owing to the fact that the light energy from
the led comprlses a number of different
frequencies whose time to travel through the
fibre will be different giving a dlspersed pulse
at the far end. Typical pulse spreading for -
this example might be 4 ns/km. (See
Figure&.) Fortunately this can be

Fig. © Pulse Dispersion for Typical
Tkm Length of Multimode Step Index
Fibre
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significantly reduced by using lasers which
generaily have spectral widths of 2 nm or
less. Such fasers would give a pulse spreading
of about 0.1 ns/km when connected to
monomode fibre and are thus capabie of
transmitting signals at rates of 1 Gbit/s or

3



more. The material dispersion bandwidth is
given by:

fyow 2 (5]
d L.ks .....

where f4« = 3 dB electrical signal bandwidth
owing to material dispersion of 1 km of fibre
for 1 nm spectral spread of the source -
typically 3.3 GHz/km/nm for silica.

\, = spectral spread of the source in nm
between optical half power points.

—
1]

fength of fibre in km.

Graded Index Fibres
So far the discussion has been limited to sizp
index fibres, that is cptical fibres whiose
refractive index difference between the cora
and the cladding is a discrete step as shown irv
Figure e . !tis possibie however to

Fig.”7 ‘Refractive Index Profiles
(Typical Dimensions shown)
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n, = refractive index at distance r from
fibre axis
N = refractive index at the fibre axis
n_. = refractive index at outer edge of
fibre
An = n -n
max min

r = distance from fibre axis

a = radius of the fibre core

e 22 2 (but depends on exact composition
of the fibre core and operating

wavelangth.)

Thisoptimum incex distribution corresponds
to a near paralolic refractive index profile.
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a) Step lndex Profiles

construct an optical wavaguide by using a
graded continuous index profile as shown
in Figure 7 % Such a fibre does not have a
distinct core and cladding region. Instead,
the refractive index changes continuously
from its maximum valug on-axis to a lower
value at the fibre boundary. The optimuin
‘ndex distribution for a graded index fibre is
given by:

bi Graded Index Profile-

With this type of profile many modes can
propagate. Two of these are illustrated in
Figure §. However the modes which travel in
the outer regions of the fibre are in a region
of lower refractive index and theretcre travel
faster than those travelling in the higher
refractive index region near the fibre axis.
The net effect, given the appropriate refrac-
tive index profile, is that the light rays



Fig.® Typical Ray Paths for Graded Index Fibre
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although travelling by different modes arrive
at the far and of the fibre at about the same.
time, ie with minimal multipath pulse
dispersion. Thus the advantage.of a mylti
mode parabolic or graded index fibre lies in
its ability to transmit signals-with-less
distortion {multipath pulse dispersion) than
the simpler multimcde step index fibre: The
oulse width of an infinitely rarrowsinput
pulse by the time it reaches the far end.or

a graded index fibre of length L (otherwise
known as multipath or waveguide dispersion)
is given approximately by:

where § = parameter which determines the
rate of change of refractive index,

For comparison purposes if one assumes

" Nmax = 1.5and § = 0.071 the graded index
fibre corresponds roughly with the multi-
mode step index fibre discussed above having
ny/ny = 1.01. However instead of a pulse
width of 80 ns for the step index fibre the
graded index fibre contributes only 0.25 ns
{see Figure l for comparison with step index
tibre). The signal distortion of the multimode
graded index fibre is thus considerably less
than the multimode step index fibre and the
former type of refractive index profite is
clearty superior where large bandwidths are an
important requirement.

Monomode Fibres
Craded index fibres are certainly capabie of
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offering very high bandwidth capability
compared with step index multimode fibres.
However, even graded index fibres aventually
present bandwidth limitations for high bit-
rate systems and/or when large repeater
spacings are required. The answer for these
applications i1as been to eliminate multipath
dispersion by reducing the core diameter from
typically 50 um for multimode.step-index
fibres to.about 5um The number of modes
which can then propagate along the fibre is
severely restricted and in a true manromaode
fibre only one mode can propagate.

It follows that if only one mode can propa-
gate then multipath dispersion will not be
present. The effects of materiai dispersion
become more noticeable in monomode fibres
because of higher bandwidths which are
expected from them. These effects can
however be counteracted by arranging for a
limited amount of waveguide dispersion to be
present, thus achieving zero overall.dispersion.

Fibre Loss Mechanisms

Fibre losses are an important-consideration
determining the feasibility of optical fibres
for systems use. The most important fibre
loss mechanisms are discussed beiow.

i.  Absorption Loss

Absorption losses in glasses are mainiy due to
the presence of impurity ions. Taoig !
shows the concentration of certain materiais
which would give rise t0 an attenuation in
glass solely due to absorption (oss.



It can be seen-that-the requirenients for the
purity of the glass from contarmination with
metal ions are very stringent and are compar- .
able with the purity requirements for semi-
conductor manufacture. A typical
attenuation/wavelength characteristic is
shown in Figure 9Q . The presence of water in
the glass gives rise to harmonics of vibration
(of the OH radical) which produce absorption
losses in the wavelength bands of interest.
The ‘undamental frequency of OH vibration
corresponds to a wavelength of 2800 nm and
it is the third and fourth harmonics which

mv.mm’mmwm_
Table 1: AbaOFEUOﬂ afdifferent types of glass at 850nm for impurity con-
a emratlom of bné part per million.
(™ . R
) ‘ Absorption dB/km
Impurity Absorption peak
nm Borosilicate type Fused silica
glass
Fe 1100 5 130
Cu 800 500 22
r 650 25 1300
Co 700 - 10 24
Ni 1200 20C 27
Mn 500 11 60
OH Q50 15 10
. . J
: weemm  Occur at:945am and 720 nm which are
- o particularly troublesonie. It can be seen from
T eyt } 1 Y 1 — Ty . .
Fig: @ Optical Fibre Attenuation Figure Q-that there is an attenuation
- ‘windew-between 800 and 900 nm and
becausg-devices whach operate at these wave-
lengths have: been read:ly available the
Attenuation 800-300 nrm. band has been the first to be
48/km used for optical f_-;bre systems. Nevertheless
1000 b N ' it will .be realised that lower attenuations can
\‘_V_‘ikif_e?m” be achieved if the systems could operate at
100 higher wavelengths. In addition, reference to
Best UK Fibre Fig § indicates that the effects of material
10F . ) dispersion are rt}ug:h. reduced at the higher
Rayléigh Operating “Windows wavelengths. .For.these reasons much work is
e e being carried.out on devices which can
Fibre - 1/34 — operate in the 1100 and 1300 nm wavelength
o1 e bands.
200 400 600 800 1000 1200 1400
Wavelengtn (A}
avelendt " Well established methods such as RF
melting, and chemical vapour deposition

are commonlyv used in the production
process apd great care is taken to avoid

contamination of the glass. There are two

main categories of glass which are generaily
used in the fabrication of fibres.

Borosilicate Type Glasses. Borosilicate type
glasses have a relatively low meiting noint
and fibres using this type of giass are usuaily
made using the double crucible process.

Fused Silica. Pure fused silica glass nas a
higher melting poirit and such fibres are



generally produced using the chemical vapour
deposition technique. These fabrication
techniques are discussed later.

ii. Scattering

There are two main scattering mechanisms.
The first, known as Rayleigh scattering, is due
to inhomogeneities of the dielectric material.
These inhomogeneities are unavoidable since
the molecules in an amorphous material are
randomly distributed. The Rayleigh scatter-
ing loss is proportional to the inverse of the
fourth power of the wavelength {ie 1/3%).
Thus it decreases very rapidly with increasing
wavelength and low losses are achievable at
infra-red wavelengths. A typical-characteris-
tic is shown in Figure q . The Rayleigh
scattering loss in fused silica at 1000 nm wave-
length is typically 0.8 dB/km.

The other type of scattering is due to
irreqularities of the core-ciadding interfaee
which are normally formed in the fibre
fabrication process. These iregularities mean
that rays incident at the core-cladding inter-
face at an angle 6, will not be refiected at the
same angle. This change in the ray path is
known as mode coupliing or mede mixing.
Some of the modes, of course, may beof the
higher order type which are refracted out into
the cladding region where they are severely
attenuated and effectively lost. |+t should be
pointed out that mode-coupling is not
entirely disadvantageous since the mixing of
the modes results in an average velocity for
the light rays and a corresponding reduction
in pulse spreading or dispersion. Indeed in
the presence of mode coupling the pulse
width no longer increases proportionally to
the length of the fibre but only as the square
root of its length.

jii. Radiation Loss (Micrabending Loss)

It has been stated that total internal
reflexion keeps the light rays confined to the
core. In actual fact an exact analysis of
guided waves indicates that some power
is actually carried outside the core in the
cladding, and decays exponentially as a
function of distance from the core. This
evanescent field tail moves along with the
field in the core. When the fibre is bent the
field tail on the far side from the centre of
curvature of the bend is forced to move
faster 1o keep up with the field in the core.

At a certain distance from the core the out-
side field would be forced to move faster than
the velocity of light ir the cladding The field
resists being dragged along at such high speeds
by radiating away. The amount ot radiation
loss depends on the field intensity at the
distance where the evanescent field tail wouid
exceed the speed of light and is very strongly
dependent on the radius of curvature of the
fibre. Below a certain threshold the radiation
losses are negligible but above the threshold
the losses become enormous. The critical
radius of curvature (R) is given by:

3n,2 A
R = -

3/2 -----
2 2
“41r<n1 -n, \

Forx = 1000 nm,n, = 1.5and :
ny/n, = 1.01, R is calculated to be 58 um.
The critical radius ig therefore very small and
greatcare is taken to avoid microhending of
the fibre when housed in its cable in order to
avoid the very-high-lgésses dus'to radiagion. |
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