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Abstract

The future of communications is an enlighted one. At least for the guided communications it is.
More and more information is transported through optical fibres made from glass. These fibres
are capable of transporting many signals at once over distances of several hundreds of kilometres
without the use of repeaters.

Although the advantages of glass fibres are numerous, they have one big disadvantage: the
installation of an optical system is very costly. However, the costs per kilometre travelled are very
low, thus making it beneficial for transmission over long distances. For short distances these costs
are simply too high.

Recently a new kind of fibre has been introduced on the market that reduces these costs
significantly. It is easy to handle and to install and is called Polymer/Plastic Optical Fibre, in
short POF. Fibres of this kind are made from plastic and can be made much thicker than fibres
made of glass. The thick fibre diameter makes it easy, thus inexpensive, to couple light into
the fibre. Add to this the fact that components such as light sources working at 650 nm are
inexpensive, and the costs of an optical system using POF become very low.

There are two major disadvantages however: the attenuation is much higher than that of glass
fibres, typically around 200 dB/km instead of 0.2 dB/km, and at the moment the bandwidth of
the commercially available multimode step index fibres is low, 5 MHz·km, but graded index fibres
with a much higher bandwidth, around 2 GHz·km, are being developed.

Because POF's liking is more for the short distance communication, say a maximum to a
50 metres, it is interesting to investigate the possibilities of using POF in an in-house commu
nication and control system. Such a system should be designed so it can be easily installed by
the dealer or the customer. But before such a system can be designed, some research into POF's
characteristics has to be performed.

In this report the results of eight months studying of and experimenting at POF is found. The
attenuation and numerical aperture of several POFs was investigated using a method in which the
angle of incidence of lightrays falling on the fibre head is variated. The early measurements showed
an interesting phenomenon that was investigated also: asymmetric transmission characteristics.
Several conclusions were drawn based on the measurement results.

It was concluded that the asymmetrie transmission characteristics are a result of the chemical
structure of the fibre material at the fibre head. Also, attenuation and numerical aperture follow
the specifications of the manufacturer as long as the fibre length does not exceed 15 metres. The
effect of differential mode loss was visible in the slant of a cutback measurement. This measurement
also indicated that the influence of mode-coupling is negligible for the Eska Premier GH-4001.

The most practical result is the conclusion that melting the fibre head instead of polishing
it which is normally done to improve the coupling efficiency, does not diminish the transmission
qualities significantly. This is important to know because in practice the person installing an
optical system using POF will not have a polishing machine at hand.
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Chapter 1

Introduction

In the telecommunications an increasing use is being made of systems that transport signals
using light. Those systems use glassjsilica-fibres as their waveguides. The advantage of using
an optical system over an electrical is the insensitivity of the optical signals for electromagnetic
fields. Furthermore, the thin fibres can carry more different signals at the same time over a longer
distance than the coaxial cables otherwise used for telecommunications. In other words, they have
a high capacity and a low attenuation.

An optical system using glass fibres as its waveguides has, however, some disadvantages. The
most important ones being the complicated handling and installation of the fibres, and the expen
sive equipment needed to transmit and receive the signaIs. The eause of this are the very small
core diameters of the fibres used: usually 10 to 100 /-Lm. They make the toleranees very small. It
is possible to increase these toleranees by increasing the core diameters. The problem is that glass
fibres would become very vulnerable and simply break when this is done.

The solution to these disadvantages started to appear in 1965 but it took till the end of the
80's for it emerged completely: Polymer Optical Fibre, in short POF. By using an other material,
plastic, it is possible to make fibres that have a much larger core diameter (usually 980 /-Lm) and
therefore much higher toleranees as glass fibres! But, regrettably, the attenuation of such fibres
turns out to be much higher and the bandwidth much lower than that of glass fibres.

However, this does not mean that POF is useless, it simply means that the communication
applications in which it can be used are restricted to short distances and low bandwidth ones. As
will be shown in chapter 2, POF is a very suitable replacement of glass fibres and coaxial cables
in applications where it is profitable to have easy handling andjor no EMC problems and where
attenuation and bandwidth are of minor importance. Examples are industrial plant control and
short distance data communications. Looking at it like this, POF is not really replacing glass
fibres but complementing them. Using POF and glass fibres in combination, it should be possible
to make all signal transmission optical. This was already possible with glass fibres but was not
economically feasible because of the above-mentioned disadvantages.

An interesting application using polymer optical fibres would be an in-house communication
and control system. Such a system does not require a very low attenuation because the distances
to be crossed do not go beyond 50 m usually. The bandwidth required, however, depends on the
demands of the utility being used: acontrol signal requires less than a kilohertz, a television signal
requires at least 6 MHz.

This report originates from the need to determine the characteristics of POF so it can be used
in an in-house communication and control system.

In this report measurement techniques are developed and used to determine some characteristics
of POF. But before doing so, this report willlook more generally into the subject of POF: what is
it made off, what are its advantages and disadvantages compared to glass fibres etc. After this it
will discuss attenuation and numerical aperture. Just before the measurements are being discussed
it willlook into the POFs used in these measurements to set a base for the expected results.

1



Chapter 2

POF

The abbreviation POF stands for Polymerie Optical Fibre or Plastic Optical Fibre. Fibres that
carry this name are completely made of polymers (plastic); core and cladding are made of plastic.
The use of plastics instead of glass gives these fibres several advantages over glass fibres as shown
in table 2.1.

Charaeteristics Advantages

Flexibility Unbreakable

Easy cuWag-~Easy conuecto, assembIJ
Easy termination

Easy handling
Large core~Allowable large toleranee
Large N.A. . Large power coupling

Visible LED Low cost Low cost
Fibre

Connector
LED
PD

Visibie light

Table 2.1: Advantages of Plastic Optical Fibres

The core diameter of POF is roughly 3 to 10 times larger than that of glass fibres. But, even
though they are larger, they are much more flexible and much tougher. AIso, the cladding layer
is far thinner than the core diameter, typically 10 /Lm compared to a core diameter of 980 /Lm,
which is the opposite of the situation with glass fibres [Ide 90J.

Of course there are some disadvantages encountered when comparing POF with glass fibres.
The main ones being the attenuation of over a 100 dB/km at 650 nm l , while glass fibres have an
attenuation ofless than 1 dB/km at 1300 nm up to 1500 nm [Etten 91J, and the very low bandwidth
of about 5 MHz·km where glass fibres have a bandwidth that goes beyond the gigahertz.

But the advantages mentioned still make POF a very good alternative for glass fibres in situ
ations where a sturdy, low cost transport medium is needed and where low attenuation and high
bandwidth stand second.

lThe wavelength of 650 nm, red light, is one that is being used with POF most now

2



CHAPTER 2. POF 3

An example for such a situation is the contral of an industrial plant. In a plant a lot of
control signals are being used. To ensure that these signals are not disturbed by other signals or
electromagnetic radiances from machines in the plant, they can be transported opticaIly. However,
a plant with heavy machinery is no place for brittIe glass fibres. In this case POF could easily do
the job.

There are, of course, more situations in which POF can do the job. However, POF is a general
term for a whole coIlection offibres with very different characteristics. As a fibre is generally made
from a core and a cladding material, it is wise to take a look at them both. It will become clear
then, that there are several kinds of POF. Therefore, a closer look at POF will be presented.

2.1 Core materials

The first polymer optical fibre was made by the chemical company Du Pont in 1965 [Ide 90].
It had a core made of poly(methylmethacrylate), in short PMMA, and an attenuation of over a
1000 dB/km at 650 nm. Since then a lot has been changed. For instance, the losses of POF
have been significantly reduced to weIl under 200 dB/km at 650 nm. AIso, other kinds of ma
terials are being used now. Table 2.2 shows the core materials available nowadays and their
advantages/disadvantages in comparison with PMMA, which is still the most used core material.

Corematerial Advantages Disadvantages

Deuterated PMMA More transparent Sensitive to humidity,
more expensive

Polystyrene Higher heat resistant, BrittIe, less transparent
Higher radiation resistant

Polycarbonate Higher heat resistant, Less transparent
Less water absorbent

CR 39 Higher heat resistant, Less transparent
Less water absorbent

Cross linked PMMA Higher heat resistant Less transparent

Polysiloxane Higher heat resistent, Hazy
More flexible

Alpha-fl uorinatedacrylate More transparent, More expensive
Higher heat resistant

Table 2.2: Characteristics of core materials in comparison with PMMA

In table 2.2 heat resistance is mentioned. It is important to know that PMMA has a maximum
operational temperature of about 85°C. Above this temperature physical changes can, and proba
bly will, occur because the polymer reaches Tg, the glass transition temperature [Koppelmann 80].
Add to that the fact that the polymerisation of the monomer, MMA, is performed at approxi
mately 135°C[Kaino 84], it will be clear that there is not much room above the above-mentioned
maximum operational of 85°C before the polymer starts to deteriorate. By jacketing the PMMA
fibre with XPE as the jacket material, it is possible to increase the operational temperature up
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to 115°C. Using other materiaIs, especially polycarbonate (PC), can be used up to 135°C in
combination with a jacket made of ETM2 •

At the moment there are no commercial fibres available with a deuterated PMMA or alpha
fiuoroacrylate core, although both are more transparent then normal PMMA and thus having a
lower attenuation. The main problem is that both materials are very expensive. Furthermore, the
attenuation of deuterated PMMA is so sensitive to humidity that it increases about 30 dB/km
at 650 nm under high humidity conditions, which is almost double the original value [Kaino 85b].
With alpha-fiuoroacrylate fibre, it is hard to find a suitable material with a smaller refractive index
to form the cladding. The other materials are being used nowadays in commercially available fibres.

2.2 Cladding materials

Generally all fibres consist of a core and a cladding. With glass fibres the cladding is much thicker
than the core diameter (10 /lm to lOO/lm). POF, however, does not comply with this. Actually
the cladding is much thinner than the core diameter. For a fibre with a total diameter of 1000 /lm,
the cladding is only 10 /lm thick! Although the cladding does not add much to the mechanical
properties of the fibre, it is too thin, it has the same optical role as the cladding of a glass fibre.
As most POF is of the step index type, see section 2.3, it is important to have a certain difference
between the refractive index of the core and that of the cladding. In chapter 3 it will become clear
that the refractive index of the cladding must be smaller than that of the core. In table 2.3 several
core and cladding materials are mentioned with their refractive indices.

Core material Cladding
PMMA 1.49 PTFE 1.35",,1.38
Polycarbonate 1.59 PVF 1.42
Polystyrene 1.59 Poly(3FMA) 1.4146
CR 39 1.50 Poly(4FMA) 1.4215
Polydimethylsiloxane 1.40 Poly(5FMA) 1.3920

Poly(8FMA) 1.3928
Poly(17FMA) 1.3731

Table 2.3: Refractive index of typical core and cladding materials

If the decision for a cladding material to go with a certain core material only depends on
the difference between the refractive indices, it would be simpIe. But polymers are a strange
material. Many core materials have restrictions on what cladding material can be used with them.
These restrictions mainly result from possible chemical reactions between the two materiaIs on the
interface during (and after) the production process. These reactions can result in an area between
pure core and pure cladding material in which the refractive index gradually changes from core to
cladding refractive index: this means that a graded index area has appeared. If, however, the two
polymers are chosen so they do not react, it can happen that they do not attach to one another,
resulting in voids between core and cladding.

From the above it is clear that the choice of two materials forming the polymer optical fibre is
one of many considerations. A balance has to be found between refractive index and cladding-core
attachment.

2.3 Commercial fibres

At the moment, the only commercially available fibre made of plastic are of the multimode step
index type. In these fibres, the rays entering the fibre are refiected at the boundary between the

2In section 2.3 these ahhreviations will he explained.
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core and cladding. To do this, the refractive index of the cladding should be smaller than that of
the core. Figure 2.1 shows the structure of step index type fibres.

Radius

Refractive

index
Cladding

Core

Figure 2.1: Structure of step index type fibres

Not yet commercially available, but being worked on by Nippon Petrochemicals and Dr. Koike
of Keio University in Japan, are the graded index type fibres. Dr. Koike has made some very
important progress in this field: see [Koike 91] and [Koike 93]. The advantage of graded index
fibres over step index fibres is the higher bandwidth that is available because of the dispersion
being lower; Koike reports results of 2 GHz·km for his graded index fibres in comparison with
5 MHz·km for step index fibres. No doubt that graded index fibres will soon be available.

This cannot be said about singlemode step index fibres. It is unlikely that singlemode step
index polymer fibres, which require the core to have a diameter of less than 10 {.Lm, ever will be
commercially available. The reason for this is that it is very difficult to spin such a fine plas
tic fibre and still maintain good tolerance of the diameter using present production processes
[Ashpole 90].Furthermore, several advantages such as easy handling and low source/detector cost
are lost, making the comparison with the glass alternative less favourable for POF. Taking in con
sideration that the handling of singlemode step index glass fibres is common knowledge nowadays,
it is very unlikely that singlemode step index plastic fibres will ever replace singlemode step index
glass fibre.

As said, for now only multimode step index POF is available; in several different variations.
These variations are in core material, core diameter, cladding material and, if supplied in cable
form, jacket material. It is possible to classify POF in three different grades:

• Industrial grade; fibres of this grade are being used for data transmission and sensors, which
require excellent flexibility.

• General grade; fibres of this grade have a larger attenuation than fibres of of industrial grade.

• Communication grade; fibres of this grade have the lowest transmission loss with some
sacrifice of flexibility compared to industrial grade.

For our purposes fibres of the communication grade are the most interesting. Therefore, the
emphasis will be on these fibres in this report.

The fibres of the data communication grade all have a PMMA core like the first POF ever
made. Of course, the attenuation has significantly decreased since this first fibre made by Du
Pont. Mainly because the fabrication processes have significantly improved, the loss has reached
124 dB/km at 650 nm, 65 dB/km at 570 nm and 200 dB/km at 400 nm [Ide 90]. These losses
are very near the theoretical limits of the attenuation of the material PMMA as calculated by
Dr.:Kaino [Kaino 84]: 100 dB/km at 650 nm and 27 dB/km at 567 nm. Therefore, it is very
unlikely that much improvement will be made in this area. More likely, improvements in light
sources and detectors will make longer transmission with PMMA possible.
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There are four companies known to produce POF for data communication purposes:

• Mitsubishi Rayon; located in Japan is the best known.

• Toray; also located in Japan.

• Asahi Chemical; again, located in Japan.

6

• Hoechst; just starting to produce POF commercially in Germany.

Other companies, like Du Pont and Nippon Petrochemicals, do not produce fibres for communi
cation purposes yet or any more. The above-mentioned companies all supply a wide variety of
fibres, cords and cables 3.

It would probably fill the rest of this report just summing up all the different kinds of fibre
products available, therefore only the variation ranges are mentioned:

• fibre diameter; the diameter from core plus cladding can vary from 0.25 mm to 2.0 mmo

• jacket material; the jacket material influences the mechanical and optical properties of the
POF4 . Several materials are being used depending on the environment they are used in:
polyethylene (PE), polyvinylchloride (PVC), chlorinated polyethylene (CPE), co-PVC, cross
linked PE (XPE), polyolefin elastomer (ETM), polyamide (PA), polyoxymethylene (POM)
and polyurethane (PUR).

• sheath material; the same materials as for jackets are being used.

• cord & cabIe types; simplex cords, duplex cords, reinforced cables, multiple reinforced cables
and special type cables5 .

• outer diameter; ranging from 0.95 mm for a POF cord, to 6.7 mm for special type cables.

The various kinds of jacket/sheath material are being used to reinforce the fibre and/or to improve
the heat resistant from 85 DC to 115DC. If a higher heat resistance is needed, industrial grade fibres
made of polycarbonate (PC) are used: up to I35 DC.

This concludes the discussion of commercially available fibres. It ought to be clear that fibres
without a jacket are actually of little practical use. They are much to vulnerable for any outside
influence; considering the very thin cladding, damaging the cladding can reduce the transmission
capacities significantly. Cords, having a protective jacket, are far more practical.

3 cords are fibres with a jacket and cables are actually cords with an extra tension member and sheath.
4What can happen between core and cladding material, sectioncladding mat, can also happen between cladding

and jacket material
5 multiple optical fibres within one jacket, mainly used for image transmission.



Chapter 3

Numerical aperture

The measurements performed in this report basicly lead to two direct results: the attenuation and
the numerical aperture of the fibre under test. To understand these two properties, some research
is neededl. In this chapter we will look deeper into the property called numerical aperturej in
short NA.

3.1 Definitions

The numerical aperture of a fibre is the sine of the maximum angle of incidence which lightrays
being launched at the fibre may have to still be transported through the fibre. This angle is taken
with the fibre axis as reference. Any light being launched with a bigger angle of incidence, will not
be transmitted through the fibre, at least in theorie. Figure 3.1 shows an illustration of what is
meant. This figure also shows that the diameter of the fibre does not specify the NA of the fibre.

fibre

Figure 3.1: The NA of this fibre is sin a

It is important to adapt light source and detector to this parameter. When this is done by
making the numerical aperture of the source smaller and the detector's bigger than the fibre's,
more light transmitted by the source will enter the fibre and more light will be detected at the end
of the fibre by the detector; the system is more energy efficient, which means less power is needed
to reach a certain limit. There are several definitions for the numerical aperture of the fibre, NA!,
depending on what is meant.

3.1.1 Theoretical numerical aperture

The specifications accompanying a fibre usually mention the theoretical NA. In this case the NA!
is calculated using equation 3.1.

(3.1)

1 Alsa, same reading in [Etten 91] wauld help

7



CHAPTER 3. NUMERlCAL APERTURE 8

In this equation nl stands for the refractive index of the core and n2 stands for the refractive index
of the cladding. a stands for the maximum angle mentioned earlier. For this equation to be valid
n2 must be smaller than nl, which explains that the cladding refractive index must be lower than
the core refractive index.

Actually, this simple equation is the result of a number of calculations using the laws of Snell
on the three materials involved: core, cladding and air2. The refractive index of air is always one.
Therefore, it is not explicitly visible in the equation. It should be noted that equation 3.1 is only
valid for lightrays entering the fibre from air. It should also be noted that the equation is only
perfect for an ideal fi bre.

In an ideal fibre the core material is the same through the whole fibre, the core-cladding
changeover is sharp and, again, the same through the whole fibre. Thus the lightrays will only
encounter core material and the core-cladding changeover in an ideal fibre. In such a fibre lightrays
entering with a angle bigger than a, the angle of the numerical aperture, will not be refiected on
the core-cladding changeover but will enter the cladding material and be coupled out of the fibre.

However, POF is far from ideal. For one, the core material is not the same through the whole
fibre; there are differences in distribution and inhomogeneities, like dust and micro-voids, in the
core. Concerning the core-cladding changeover, section 2.2 states that it is more likely that there
is a core-cladding interface than a changeover. These non-idealities result in lightrays entering
with a bigger angle than a, to be transmitted through the fibre.

What actually happens is that lightrays meet obstacles3 On their path which results in a course
alteration; this effect is called mode-coupling, [Gloge 72] and [Jeunhomme 76]. This means that
lightrays originally having an angle smaller than a, may end up with an angle bigger than a and
vice versa which results in lightrays originally having an angle to big to be transmitted, get an
angle that will refiect on the cladding[Wallenburg 94]. As the chance of meeting obstacles is bigger
when travelling longer, this effect occurs much more when dealing with a longer optical path. The
optical path of a lightray depends on the length of the fibre and on the angle it is launched with;
a lightray with an angle of, say, 10 degrees, has a longer optical path than one with an angle of 0
degrees through the same fibre.

This mode-coupling will eventually reach an equilibrium in which the power distribution be
tween the different angles, modes, does not change anymore. This will happen after a certain
length of fibre. But there is another problem. The attenuation lightrays suffer from also depends
on the length of the optical path. Lightrays that travellonger will be more attenuated at the end.
Lightrays travelling with bigger angles, higher modes, will be filtered out because they are more
attenuated than lightrays travelling with smaller angles: this results in differential mode 10ss4.

The result of both effects is a equilibrium value of the numerical aperture: NAoo • For glass
fibres this is approximately 70% of the calculated NAf .

Because the theoretical numerical aperture does not represent the actual situation completely,
it has to be measured. When the measurements are performed correctly, it might even be possible
to see the equilibrium appear. Two methods are discussed here; the first is the standardised
far-field method, the second is the, more practical, launching incidence method.

3.1.2 Far field numerical aperture

Numerical aperture is a parameter that all optical fibres have, including glass fibres. During the
research at attributes of glass fibres a standard was developed to measure the NAf of any fibre;
that is: any glass fibre. At the moment there is no suitable standard for polymer optical fibres
available.

This standard for glass fibres is the far-field method (standard IEC 793-1-C6 and appendix).
It involves the launching of light with a known numerical aperture into the fibre under test.

2 0r any other material from which light enters the fibre.
3This can be a physical object like dust or just a change in refractive index
4Because of POF's high attenuation, this is something not to be underestimated.
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Usually this is accomplished by using an objective. Furthermore, the light must have reached
mode equilibrium. This is accomplished by using a mode-scrambler.

The detector at the other side of the fibre must be small and capable of moving in a horizontal
plane around the fibre-end. Thus it is possible to measure the light received by the detector under
various angles with the fibre axis.

According to the standard, the numerical aperture of the fibre, NAf , is then calculated by
taking the sine of the angle under which the optical power received is 5% of the maximum optical
power received. This maximum is usually found at an angle of 0 degrees. There are, however,
some conditions to be satisfied.

The distance between fibre-end and detector, and the diameter ofthe active part ofthe detector
have to satisfy the conditions in equation 3.2 and equation 3.3. Both conditions are to make sure
that the smallest possible error is made in the measurements.

D

R >

(3.2)

(3.3)

C : constant being 0.006
D : diameter active part detector
e : angular resolution
R : distance fi bre-end and detector
d : fibre-end diameter
.\ : wavelength of light

These conditions are easy to satisfy when dealing with glass fibres: very small fibre-end diameters
and long wavelengths. But for POF it is different. Most polymer optical fibres used in communi
cations have a diameter of 1000 J.Lm and the best wavelength to use them at is 650 nm. Putting
these values in equation 3.2 and equation 3.3 results in a distance between fibre-end and detector
of at least 1.5 meters! Not much light will be received on such a distance, non at all when dealing
with longer fibres.

There is, however, an adapted version in use. This adaption is not a standard but makes the
far-field method possible for POF. The adaption involves shortening the distance between fibre
end and detector to 13 cm [Dugas 92]. This is accompanied by a small detector, 0.1 mm, to at
least try to keep the error small; in this case the angular resolution would be better than half a
degree.

Although the adaption makes it possible to use a kind of far-field method with POF, it is not
an ideal solution. A better and more logical method, is given also by [Dugas 92]. This method
will be discussed in the next subsection.

3.1.3 Launching incidence numerical aperture

Dugas and Maurel designed a new method to measure the NAf of a POF[Dugas 92]. Instead of
having a moving detector at the fibre-end, this method uses a variabIe launching incidence; the
angle with which light hits the fibre-head is variated. To make this method work, it is important
that the detector at the fibre-end receives as much light as possible. This means it has to have a
large active area and must be placed very close to the fibre-end.

Of course, the light source has to have some qualities too. The light source must be Lambertian
and must transmit a collimated beam. This is to ensure that anywhere the beam hits the fibre,
it will do with the preset angle, therefore a collimated beam, and with the same optical power,
therefore Lambertian.

To get a variabIe launching incidence, the light beam must revolve around the fibre-head; the
fibre-head is the centre of the circle. Dugas and Maurel realised this by using a mirror system they
developed themselves. This system is not available at our university, so a more simple system was
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used. To ereate a variabie launching incidence as stated, either the fibre-head or the light source
must be moved.

The results are the same for each method: a diagram showing the received power as a function
of the launching incidence. From this diagram the NA! ean be retrieved by finding the value
where the received power is 50%, not 5%, of the maximum received power. The higher percentage
is a result of the fact that mueh more optical power is received by the large detector. Taking the
5% level as the numerieal aperture would lead to unrealistic high numerical apertures. Therefore,
[Dugas 92] chose for the 50% level.

The advantage of this method over the far-field method is two-fold. For one, the method
is a logical response on the definition of numerical aperture. And second, the unpractical large
distance needed in the far-field method to reaeh the accuracy is not needed with this method.

As it was the most practical method, the launching incidence method was used in this report.
Another advantage of this method is the fact that the attenuation can also be measured with it.
This will become clear when the measurement setup is discussed.



Chapter 4

Attenuation

Attenuation limits the maximum distance a signalof a certain power and wavelength can travel
and still can be detected. This does not necessarily mean that the receiver can do something with
the signal, it only means that the receiver detects the signal. Other effects, like dispersion and
noise, may already have destroyed the information contents of the signal.

The attenuation a signal suffers from, is expressed in decibel per metre (dBfm). It is signal
wavelength dependent as can be seen in figure A.l, and also medium material dependent; the
attenuation of deuterated PMMA is lower than the attenuation of PMMA (tabIe 2.2).

To understand where this attenuation comes from, the next section willlook into the causes
of attenuation in polymer optical fibres.

4.1 POF's 10ss factors

The high attenuation POF suffers from, compared to glass fibres, is the result of severalloss factors
summed up in table 4.1 [Kaino 85a].

Intrinsic
Absorption

High harmonics
of CH absorption

Electronic transition

Scattering Rayleigh scattering

{

Transition metals and
Absorption organic contaminants

Absorbed water

Extrinsic

Scattering

Dust and micro voids
Fluctuation of

core diameter
Orientational

birefringence
Core-cladding boundary

imperfections

Table 4.1: POF's loss factors

11
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Table 4.1 divides the losses in intrinsic and extrinsic. Both consist of scattering and absorption.
The intrinsic loss factors are material dependent. Once a certain material is chosen these factors
are set and a loss limit can be calculated. Intrinsic Rayleigh scattering loss has been evaluated
quantitatively for polymer materials used as a core.

Extrinsic scattering loss factors such as dust mingling into a core polymer and the occurrence
of micro voids in the polymers can be sufficiently restrained through the improvement of the
polymerisation process. Structural imperfections such as core diameter fluctuation, orientational
birefringence and core-cladding boundary irregularities can be satisfactorily suppressed through
the optimization of fibre drawing conditions[Kaino 85a]. The fibre manufacturing techniques have
improved significantly since the first POF and it is unlikely that much can be gained there.

As aresuIt, absorption loss becomes very relevant. Table 4.1 shows four absorption loss factors;
two are intrinsic and two are extrinsie. All these factors have their influences in the wavelength
region in whieh POF is being used: part of the visible wavelength region ranging from 500 nm till
800 nm. Three of these loss factors are of minor influence [Kaino 84][Kaino 85a][Kaino 85b]:

• Electronic transition; electronic transition is a chemical process in polymers and lies, as
such, outside the scope of this report. The important thing to know is that for PMMA it
has an absorption maximum near 360 nm with linear parts into lower and higher wavelength
regions. These linear parts cause an absorption 10ss of less than 1 dB/km for PMMA.

• Transition metals and organie contaminants; transition metals act as catalyst in the poly
merization process. As the production processes improved the concentration needed became
less as became the concentration of metals that were left in the material after polymeriza
tion. Nowadays the concentration of transition metals and organic contaminants is to small
to influence the attenuation loss of POF.

• Absorbed water; absorbed water, or better said OH absorption, was one of the troublesome
loss factors in glass optieal fibres. For POF it will only become a problem during long term
use when the attenuation of POF is significantly reduced. At the moment, the loss increment
for PMMA-core POF, which contains more water than other POFs, due to contained water
is almost negligible in the visible region1 .

That leaves the losses caused by the high harmonies of CH absorption.

4.1.1 Higher harmonies of eH vibration

Stretching vibration takes place in all kinds of chemical bonds and especially those with hydrogen
(H) in them. In polymers CH, NH and OH bonds can be present in the repeat unit[Takezawa 92].
For example, figure 4.1 shows the repeat unit of PMMA, whieh is the most used core material for
communication grade fibres. This unit contains eight CH bonds. Furthermore, it is already stated
that this material absorbs water and thus absorbs OH bonds.

In figure A.l the typieal attenuation pattern of POF with a PMMA-core can be seen. This
pattern shows several peaks and falls; all are caused by the high harmonies of infrared vibrational
absorption of CH bonds! What happens is that CH bonds absorb infrared radiation and start to
vibrate. This vibration has harmonics that stretch out into the visible wavelength region and thus
cause the highest attenuation of all loss factors mentioned earlier.

According to [Takezawa 92] the higher harmonics of OH vibrations cause the highest absorption
loss. Second come NH bonds and last CH bonds. Also, these higher harmonies of the various bonds
lie very close to each other. Table 4.2 shows the locations of the various harmonics Vv and their
absorption strength relative to that of the first harmonic of the CH bond.

It is because the concentration of CH bonds in polymers is much higher than that of NH
or OH bonds that these produce the largest attenuation. This means that water absorption
has a negligible influence on the attenuation spectrum because the extra attenuation it causes,

lOR absorption losses follow the same principle as CR absorption losses
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I1
C--OCH3

I
CH2--c--

I
CH3

Figure 4.1: Poly(methylmethacrylate) : C5Hs02

C-H N-H O-H
VV ..\(nm) Ev/EfH ..\(nm) Ev/EfH ..\(nm) Ev/EfH
VI 3390 1 2907 0.91 2793 2.3
V2 1729 7.7e-2 1486 7.8e-2 1424 1.7e-1

V3 1176 6.8e-3 1013 7.6e-3 968 1.5e-2

V4 901 7.2e-4 778 9.1e-4 741 1.5e-3

V5 736 9.1e-5 637 1.3e-4 605 1.ge-4

V6 627 1.4e-5 544 2.2e-5 515 2.8e-5

V7 549 2.3e-6 478 4.2e-6 451 4.6e-6

Table 4.2: Harmonies of bonding vibrations

13

drowns in the already present attenuation caused by the higher harmonies of CH bonds vibrations.
The influence would have been visibIe when the harmonies did not lie so close together, or the
attenuation caused by CH bonds vibrations was much lower.

When deuterated PMMA is used, the attenuation is much lower because there are no CH
bonds present! However, a little water absorption will more than double the attenuation.

4.2 Attenuation per metre

If one knows the values of the different loss factors at a certain wavelength, then it should be
possible to calculate the attenuation the light from that wavelength suffers from when it is trans
mitted through the polymer optical fibre. To a certain degree this is right. Kaino has calculated
the loss limit for PMMA core and PS core fibres in [Kaino 84] for several wavelengths. According
to his calculations, light with a wavelength of 650 nm being transmitted through a PMMA core
POF suffers from an attenuation of 100 dB/km. This is however a theoretical limit. Figure A.1
shows anattenuation of 125 dB/km at the above-mentioned wavelength. Still, it shows that the
developments have already reduced the attenuation to very near the theoretical limit.

The attenuation of one kind of fibre is not a constant! This is shown by the fact that figure A.1
mentions two important parameters below it that have a major influence on the attenuation per
metre of a fibre. These are2:

• Numerical aperture of the souree: here it is 0.1, which means that the source emits a filled
cone with a half topangle of 5.74 degrees. That the angle of a lightray has an influence on the
attenuation it suffers from, was already stated in subsection 3.1.1. The smallest attenuation
can be reached by transmitting lightrays with an angle of 0 degrees.

2 Actually, the jacket, if present, has some influence too.
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(4.1)

• Fibre length: here it is 25 m, cutback to 5 m. The problem with a long fibre is that the
higher modes are filtered out which becomes visible as a loss of optical power. This is caUed
differential mode loss.

Both items act upon the same parameter of a lightray in a fibre: its optical path. The longer the
optical path of a lightray, the higher the attenuation. The problem with multimode fibres is that
there are many paths a lightray can follow. The main advantage of singlemode fibres is that a
lightray can only foUow one pathj hence the name singlemode.

Although a lightray can enter the fibre with an angle of 0 degrees, it does not necessarily have
to leave it with the same angle; it is most likely not to. Dust and microvoids can cause it to change
course. In other words, the lightray can get a different angle in the fibre. This has, of course, its
influence on the optica! path and thus on the attenuation the lightray suffers from.

The chance of suffering from mode-coupling, see subsection 3.1.1, depends not only on the
length of the fibre but also on the angle a lightray enters the fibre with; the angle of incidence.
The longer the initia! optical path a lightray foUows, the bigger the chance on course alteration
resulting in an even longer optical path. Therefore, the attenuation per metre for fibres, say,
10 metres long is bigger than the attenuation per metre for fibres, say, 5metres long for light
launched with the same angle of incidence. However, the same fibre will show different attenuation
per metre for different angles of incidence which are different modes thus differential mode loss.
This is actually where the launching incidence numerical aperture measurement method is based
on.

There is a limit in the growth of attenuation per metre because there is an equilibrium being
reached in the mode-coupling process; again, see subsection 3.1.1. This results in a stabIe attenua
tion per metre after a certain length. The problem with POF is that this equilibrium might never
be reached before the light is completely wiped out by the high attenuation it suffers from! The
result achieved in the measurements will show if this equilibrium is reached for the fibres under
test.

4.3 Attenuation measurement methods

There are three methods known to measure the attenuation of glass fibre [Miller 88]. These
methods can, unlike the far-field method for NA, also be used for measuring the attenuation of
POF (be it at a completely different wavelength). Although only one method was actuaUy used,
all three of them are discussed to understand why the choice feU on the substitution method.

4.3.1 Backscatter method

This method involves the launching of a narrow pulse into the fibre. The pulse propagates through
the fibre and is reflected back at the end of the fibre; the pulse travels twice the length of the fibre.
The attenuation can then be deduced from the received signa!.

This method involves the use of some very complicated equipment, most of which is not
available (at least not for use with POF).

4.3.2 Cutback method

The best known method to measure the attenuation of a fibre is the cutback method (standard
IEC 793-1, CIA). With this method power is measured twice. First the power PI is measured
at the end of a fibre with length LI . Next the fibre is cut one or two metres from the input end
(length L2 ) after which the power P 2 is measured. The attenuation Cl:: is then calculated with:

Cl:: = (10 10109~~~:D I(L I - L2 }[dB/m]

When cutting back the fibre, the entry conditions should remain unchanged. The coupling of
the fibre end to the detector should be reproducible. This means that the quality of the fibre end
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can not be neglected especially not in the case of POF. When glass fibre is cut, the end is usually
quite smooth, in the case of POF it will never be3 ! After cutting POF, it has to be polished to
maintain a good coupling efficiency with the detector.

The advantages of this method are its high accuracy and the simplicity of the equipment needed
to perform the power measurements. The major disadvantage however is the destructive nature
of the procedure; it is not possible to repeat the measurement. Add to this the fact that the fibre
end has to be polished after being cut and it becomes a non-practical method.

4.3.3 Substitution method

The substitution method is just like the cutback method in the way that a piece of fibre is used,
normally one metre long, as a reference: length L2 with power P 2 in formula 4.1. But, instead of
cutting back a measured fibre to that reference length, an other piece of fibre with that length is
being used. The advantage of this method is that no cutting is done which means that this method
is not destructive nor time consuming (no repeated polishing is needed). Major disadvantage
however is the fact that the launching conditions do not remain the same which causes a lower
accuracy. Therefore it is very important to have launching conditions that can be as much as
possible reproduced.

The most practical way to measure the attenuation in this case is with the substitution method.
This because, for one, the pieces of fibre are to be measured more than once and not only their
attenuation is to be measured. For another, it is quite impossibie to guarantee unchanged launching
conditions as the fibre end has to be polished after being cut; this polishing is done with a machine
which is located in an other room and cannot be moved.

In short, only the substitution method can be used to measure the attenuation of POF.

30ne of the measurements wil! demonstrate the influences of this.
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Fibres under test

All suppliers mentioned in the chapter 2 can supply us with a wide variety of fibres, cords and
cables. For the measurements fibres and cords from two suppliers were used: Hoechst and Mit
subishi Rayon. These fibres and cords are normally supplied on spools with a starting length of
500 metres. For the purpose of the measurements in this report such a length is not required.
Therefore, I am very pleased to report that both Hoechst and Mitsubishi Rayon supplied me with
free samples of their products. Furthermore, Dr. Bastiaansen of the faculty of chemistry at the
university of Eindhoven supplied me with some fibre from Mitsubishi Rayon.

5.1 General information

The core material used for all the fibre and cords is PMMA. In section 2.3 it is stated that it is
common to use PMMA as the core material for communication grade fibres. The reason for this is
the combination of relatively low attenuation and low material costs in comparison with the other
for communications suitable core materials listed in table 2.2. The attenuation graph in figure A.1
shows two valleys, so called windows, in the region below 800 nm (near-infrared). These windows
lie on 570 nm and 650 nm; there is also one at 780 nm, but the attenuation there is already above
600 dB/km[Selle 91]. The lowest attenuation is reached at 570 nm, green light, and lies around
66 dB/km [Kitazawa 93]. For now this window can not be used because suitable light sources are
not commercially available yet.

Therefore the other window, lying at 650 nm (red light), is used. At this wavelength the
attenuation is typically about 125 dB/km [Kitazawa 93]. Because all POFs used have a PMMA
core, only one light source is needed for the measurements.

AIso, the fibre diameter for all POFs was 1 mmo The total diameter, fibre with jacket, can
variate around 2.2 mmo This is due to the variation in jacket material. In table 5.1 the information
provided by the manufacturers is listed. It shows the differences in cladding and jacket material
used. Do not expect the attenuation per metre mentioned in this table to be accurate; usually the
manufacturers use the most idyllic situation to emphasize the quality of their products. Note that,

Fibre code Core index Clad. index NA Temp. range Max. attenuation (typical) Jacket
EK-40 1.492 1.417 0.47 -WC ~ 85'C 0.18 dB/m (0.16 dB/m) none
AN-52 1.492 1.417 0.47 -55'C ~ HO'C (0.15 dB/m) PA
UN-52 1.492 1.417 0.47 -55'C ~ HO'C (0.15 dB/m) PUR
MN-52 1.492 1.417 0.47 -55'C ~ 105'C (0.15 dB/m) POM
EN-52 1.492 1.417 0.47 -55'C ~ 85'C (0.15 dB/m) PE

GH-4001 1.492 1.402 0.51 -55'C ~ 85'C 0.16 dB/m (0.14 dB/m) PE

Table 5.1: Manufacturers fibre information

although the first five have the same core and cladding material, the Hoechst InfoHte fibres have
a lower attenuation per metre than the Mitsubishi Rayon fibre; according to the manufacturer.

16
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The next three sections will discuss how the fibre and cords are used in the measurements.
Especially length and polished or mo1ten fibre head are important parameters for those measure
ments.

5.2 Eska Extra EK-40

The first fibre to be measured at was the Eska Extra EK-40 fibre, supplied by Dr. Bastiaansen.
It is the only measurement subject that has no jacket! The fibre was manufactured by Mitsubishi
Rayon and is also available in cord form, for which the product code number is EH-4001. Table 5.1
shows the information provided by the manufacturer.

The fibre's total length is unknown but it was long enough to provide 7 pieces of different
length. These pieces were 1, 10, 20, 30, 40, 50 and 100 metres long. The longer pieces are not
without damages; especially the 50 metres piece has some clearly visible damages. Chosen was to
use them anyway to see the influence of these damages.

All pieces were measured after being polished. Measurements were also performed on the
20 metres piece after melting its fibre head.

5.3 Hoechst

After some contact Hoechst Infolite Germany supplied 4 pieces of cord, each 3 metres long. These
pieces were the same but for thejacket material; see table 5.1. With these pieces numerical aperture
measurements were performed. No attenuation measurements because that would involve cutting
the cords and thus destroying them. The cords were polished and measuredj not molten. Because
only the jacket material varies, the measurement results can be used to show the influence of the
jacket material on the transmission characteristic.

The jacket is mainly used to improve the heat-resistantcy of the fibre, but it has a great
impact on other mechanical aspects of the fibre. For one, it makes the fibre much more stiff1 then
it already is. Handling a cord with a polyamide jacket, AN52, is no easy thing as the cord wants
to return to its previous rolled up form.

After the initial measurements the MN52 cord was used to carry out several experiments
intended to find the cause or causes of a certain effect. These experiments included varying the
beam expander and manipulating the polishing process.

5.4 Mitsubishi Rayon

Mitsubishi Rayon kindly supplied me with their newest communication grade product: Eska
Premier GH-4001. The 100 metres supplied were cut into two pieces of 20 metres and one of
1, 3, 5, 10 and 15 metres (leaving 26 metres for future use). There are two pieces 20 metres long
because one of them is going to be cut down in one of the experiments. Prom all these pieces the
numerical aperture and the attenuation was measured after polishing and melting.

The GH-4001 is the only cord with a fibre that has a cladding made of polydimethylsiloxane
while the other fibres have a cladding of PVF. This information can be retrieved from table 5.1
in combination with table 2.3. As a resu1t the numerical aperture is higher. But with this other
material, the cladding tends to come loose during the polishing process. This is the only fibre
where this happens; a real step index changeover?

In the next chapter the measurement setup and procedures will be discussed. That discussion
will clarify several concepts used in this chapter, such as polishing, melting and fibre head.

lThis stiffness is used later on to set a reference for the fibre head's position (subsection 6.3.3).
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Measurements

Because attenuation and numerical aperture measurement can be combined, only one measurement
setup is needed. This setup will be discussed in this chapter as will be the measurement procedures
followed. Doing so, it will become clear how the results were obtained and what they represent.

6.1 Combined measurement construction

The combined setup is shown in figure 6.1 and originates from [Dugas 92]. For the NA measure
ments it is necessary that the launching incidence can be variated in a horizontal plane containing
the light source and the fibre. Two methods can be used to do so:

• turning the laser; Turning the laser (and chopper and beam expander) .

• turning the fibre; Laser, chopper and beam expander are fixed.

Turning the laser has the advantage that the fibre position is fixed and does not move during the
measurements. The disadvantage however is the complexity of the construction. Laser, chopper
and beam expander must reside on one line which means that they all have to be turned around
the head of the fibre.

Turning the fibre has the advantage that neither the laser nor the chopper nor the beam
expander has to be moved which makes the construction fairly simple. The disadvantage however
is the fact that the position of the fibre is not fixed. It is not known if that creates a major problem
as the fibre is very stiff and thick. Therefore, both methods have been used for the measurements
at the EK-40. In this way it was possible to evaluate both procedures.

For the NA measurements, the power received is measured as a function of the launching
incidence. The maximum power measured, normally at an angle of 0 degrees, is also used to
calculate the attenuation per metre using equation 4.1; hence one setup for the measurement of
numerical aperture and attenuation.

Laser -- Chopper ~ Beamexp. f-- Q - SolarcelI

Reference

Received Power
Loek-In

Figure 6.1: Setup to measure the attenuation and numerical aperture of the fibres

18
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In the measurement setup the following components never change:

• Laser; The laser is a Spectra-Physics model102P-3. Table 6.1 shows some information about
this laser. It shows that the laser transmits polarised light with a wavelength of 632.8 nm,
which is close enough to the ideal wavelength of 650 nm to be useful. Also, it shows that most
power goes into one modej the laserbeam is almost completely colIimated. Some attention
must be paid to the power variations. Although they get less when the laser is on longer,
they still can have some influencej this has to be looked at.

TEMoo wavelength
Power output (TEMoo )
TEMoomode purity
Beam diameter
Power variations

632.8 nm
>1.5 mW
>95%
0.49 ± 0.02 mm
± 10%

Table 6.1: Spectra-Physics model 102P-3 data

• Solar cell; The PIN-10DP is used as a detector. This solar cell has an active area of 1 cm2
,

which means that as much light as possible leaving the fibre end will be detected. To operate
correctly, a load resistor of 10 kn is attached. This ensures operation in the linear region:
the current produced is in proportion with the optical power received. Remember, asolar
cell produces a current, depending on the optical power received and not a voltage like a
photodiode.

• Lock-In amplifier; The chopper's frequency and the signal received by the solar cell are given
to the lock-in amplifier. Doing so, the amplifier can lock-in on the signal and the effect of
noise is reduced.

The setup in figure 6.1 displays two components beside the fibre that have been changed during
the measurements. These are:

• Chopperj The chopper is used to mechanical modulate the light from the laser. The frequency
can be variated but has to be lowj the detector is not fast enough to keep up with fast power
changes. Because the first chopper turned out to be unstable, it was replaced by a more
stabIe one. However, this second chopper cannot be used in a turning laser setup.

• Beam expander; The beam expander enlarges the Gaussian, collimated laserbeam to turn
it into a Lambertian, collimated beam overfilling the fibre head l ; the NA of the lightbeam
hitting the fibre is O. Most measurements were done with a beam expander that expands 8
times. Some measurements were done with one that expands 20 timesj this to examine the
influence of the beam expander.

The fibre-component changes, of course, into the various kinds and lengths spoken of in chapter 5.

6.2 Measurement preparation procedures

For a good result it is important that both fibre ends are smooth and perpendicular to the fibre
axis, because the in- and outcoupling losses are to be kept low. Unlike glass fibres, cutting POF will
never result in a flat, smooth fibre end; the fibre ends have to be polished. The polishing of POF
is a two-step procedure. In the first step the fibre end is polished using GRIT 320 polishingpaper,
in the second step 0.5 /.Lm polishingpaper is used to make the fibre end smooth. Please note that
both the polishing steps involve a constant water flow.

lThe beam stays Gaussian, but for the fibre it looks like a Lambertian, colIimated beam
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After polishing, one fibre end is placed in front of the detector which will receive all light being
transmitted by this fibre end when the polishing was performed weIl. The other end, from now on
called the fibre head, is then placed in a holder in front of the beam expander. More importantly,
it is placed as the turning point (see figure 6.2 and figure 6.3) of the setup. Some adjustments
are then carried out to reach a maximum of power being transmitted through the fibre when the
beam hits the fibre head parallel to the fibre axis; in other words, when the launching incidence
is 0 degrees. Because the beam diameter is several times larger as the fibre diameter, there is an
area in which the transmitted power does not change, giving some room to work in.

For several measurements the polished fibre head is molten by pressing it on a flat plate with
a temperature of about ±160°C. The other fibre end remains unchanged, as does the rest of the
procedure.

6.3 Measurement procedures

The following three subsections will discuss the three procedures used for the measurements. It is
important to understand the definitions used in this report concerning angles. Especially in the
third method, where the fibre is not only turned in the horizontal plane specified before, but also
around its axis! When discussing the results, references will be made to these three subsections.
This minimises the explanations needed in the next chapter. For all measurements a load resistor
of 10 Kn is connected to the solar cello AIso, the chopper is set to modulate the light with 243 Hz.

6.3.1 90 degrees turning laser

These measurements use a moving laser-chopper-beam expander setup, which turns around the
fibre head for a total of 180 degrees (90 degrees in both directions) as can be seen in figure 6.2
where a: is 90. The setup turns with steps of 5 degrees, measuring the power received by the solar
cello This results in 35 measurements per fibre piece2 •

Figure 6.2: Turning the light source around the fibre head over a: degrees.
Light source: laser-chopper-beam expander combination
Arrow: is pointing at the turning-point
Dot: reference point on the turntable

6.3.2 39 degrees turning laser

These measurements use a moving laser-chopper-beam expander setup, which turns around the
fibre head for a total of 78 degrees (39 degrees in both directions3 ); figure 6.2 where a: is 39. The
setup turns with steps of 1 degree, measuring the power received by the solar cello This results in
79 measurements per fibre piecé.

20nly the EK-40 fibre was measured this way
3Chosen was for 39 degrees because it turned out that the received power was always under 50% at that angle
40nly three pieces of the EK-40 fibre were measured this way
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6.3.3 39 degrees turning fibre

These measurements, which form the majority, use a moving fibre setup. The fibre head turns for
a total of 78 degrees (39 degrees in both directions); figure 6.3 where a is 39 illustrates this. This
is done with steps of 1 degree, measuring the power received by the solar cello This results in 79
measurements per fibre piece. This setup will be used with polished and molten fibre heads.

fibre light source

Light source:
Arrow:
Dot:

Figure 6.3: Turning the fibre head over a degrees.
laser-chopper-beam expander combination
is pointing at the turning-point
reference point on the turntable

After the first measurements it turned out to be necessary to variate the fibre head's position
by turning the fibre around its axis for a certain degrees5 • This is only possible when a reference
has been set! It turned out to be fairly simple to find and set such a reference.

Normally, a piece of fibre is supplied rolled up around a spool. In my case only the Eska Extra
EK-40 was supplied rolled up around a spool, the other samples came without the spool but were
also rolled up. To set the reference the rolled up fibrejcord is placed on the table on its sidej the
fibre forms a vertical cylinder and the fibre head curls outwards as shown in figure 6.4. Lying in
this position the fibre head is marked: this is the 0 degrees position.

Figure 6.4: The fibre head is in the 0 degrees position.

In total, the fibre head can have one of three positions:

• 0 degrees position; as was explained above.

• 90 degrees position; the fibre is turned one fourth. Chosen was to turn it in such a way that,
looking at the fibre in figure 6.4, the fibre head comes out at the top of the fibre.

• 180 degrees position; the inverse of figure 6.4. The results from this measurement should be
the inverse of the 0 degrees measurement.

Without marking the fibre, the 0 degrees position is easily reproduced because of the stiffness
of the materials used for the fibre. The fibre and cords are so stiff that, once unwound, they want
to return to the previous rolled up form. It seems that polymer fibres remember the form they
had for a long time; they have suffered from plastic deformation. It is unknown if this deformation

SThe measurement results wil! make clear why this was necessary
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has some influence on the characteristics of POF, but it illustrates the differences between glass
and polymers; glass fibres do not show this kind of behaviour.

Without going to fast, it can be said that the next chapter will show some remarkable results
obtained during the measurements. These will illustrate the differences between the very popular
glass fibre and the easy to handle polymer optical fibre.



Chapter 7

Results

In this chapter the results of the measurements are presented and discussed. Chosen is for a
presentation per fibre/cord. However, some measurements were the result of other measurement.
Therefore, a chronological order is sometimes preferred.

7.1 Eska Extra EK-40

The first fibre discussed in chapter 5 to be measured on was supplied by Dr. Bastiaansen; Eska
Extra EK-40. Both fibre ends on all samples were polished to ensure a fiat, perpendicular to the
fibre axis surface. The method described in subsection 6.3.1 with the fibre head in the 0 degree
position was used as a first tryout. From these measurements figure A.2 and figure A.3 were drawn,
and table 7.1 was made. The table format used for that table is standard for the presentation of
the measurement results in this chapter.

Length dB/m NA - + cor. MRP
1 - 0.50 35 25 0 90.8 mV

10 0.10 0.44 25 27 0 73.7 mV
20 0.17 0.41 29 20 0 43.7 mV
30 0.19 0.43 30 21 5 25.2 mV
40 0.31 0.38 25 20 5 5860.0 JN
50 0.63 0.30 20 15 0 73.7 JN

100 0.31 0.35 20 21 0 69.3 JN

Table 7.1: Collected data of Eska Extra EK-40 (first measurement).

The first three columns in table 7.1 are mostly self explaining. There is no attenuation per
metre spedfied for the 1 metre sample because this sample is used as a reference in equation 4.1.
The column 'NA' is the sine of the numerical average of the columns '-' and '+'. These two
columns stand for the angles on which the received power is half the maximum value on the
left side, '-'-side, and right side, '+'-side. The column 'cor.' shows the correction that must be
made to let the maximum power received shown in the last column, be at a launching incidence
of 0 degrees. This maximum received power, MRP, is used in the calculations resulting in the
attenuation shown in the second column. Normally this MRP is quite unimportant as an absolute
value, because it is not constant for the same sample over the measurements. It changes slightly
as a result of changes in the conditions around it. However, these changes are normally never that
large that the attenuation per metre is noticeably affected.

However, figures and table are not very accurate because the 5 degree step turns out to be too
large for accurate measurements. AIso, when looking at the figures, it seems that most develop-
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ments occur in the first 40 degrees. Hence, following measurements will go from -39 degrees to
+39 degrees.

Using the second method, subsection 6.3.2, measurements were performed on the 1, 10 and 20 me
tres pieces of Eska Extra EK-40 in the 0 degrees position. The results are shown in figure A.4 and
table 7.2. It was originally intended to measure all the fibre pieces, but the setup turned out not
to be strong enough; the laser-chopper-beam expander combination was to heavy for the turntable
used causing it to break down.

Length dB/m NA - + cor. MHP
1 - 0.47 31 25 2 94.0 mV

10 0.12 0044 27 25 0 73.9 mV
20 0.17 0041 30 19 0 45.6 mV

Table 7.2: Collected data of Eska Extra EK-40 (second measurement).

When table 7.1 and table 7.2 are compared, some differences can be noted. For one, the MRP
is not measured at 0 degrees for the 1 metres piece when using 1 degree steps. More importantly,
all the MRPs are higher with an extremity for the MRP of the 1 metre piece; 3.2 mV difference.
This has only an effect on the attenuation of the 10 metres piece because the MHP received did
not increase much for this sample. The 20 metres piece, however, is not affected. Also note that
the NA can be determined more accurately now.

There are many explanations possible why the MRP variates during the measurement series,
the main ones being:

• Laser power fluctuations; in the previous chapter it was already stated that the laser's
optical power is fluctuating slightly. A closer look reveals that these power fluctuations are
sinusoidal with large periods. Measurements revealed that the maximum variation in laser
optical power causes the MHP to variate with less than 2%.

• Different fibre head position; it is impossible to exactly reconstruct the original fibre head
position. Some variations in height for instance will always be there. But also a slight
turning of the fibre head can result in a completely different figure.

• Chopper instabilitYi when the chopper is instabIe, the optical power received variates signif
icantly.

• Beam expander incorrectness; if the beam expander does not produce a Lambertian, colli
mated beam, the conditions set for the experiments are not met.

The exact influence of these factors has to be examined more closely. This will be done during
the measurements.

When'comparing figure A.2 with figure AA it becomes clear that there is also an overwhelming
identity of shape: both show asymmetrical graphs! Especially the graphs of the 20 metres piece
are clearly asymmetrical. It is this, seemingly for all pieces the same, asymmetrical behaviour
that aroused attention and caused a thorough investigation.

Because the setup had to be changed anyway, chosen was to check out the more practical turning
fibre setup. While this meant disassembling the complete setup to build a new one, it was practical
to change the chopper at the same time. This because the chopper used in the turning laser setup
turned out to be instabIe and highly position dependent; moving the chopper caused a change
in frequency. The new chopper was perfectly stabIe and is used for all further measurements.
Because of its size, this chopper could not be used in a turning laser setup.

Again, all fibre pieces were measured in the 0 degrees position but now using the third method,
subsection 6.3.3; this method will always be used from now on. This resulted in figure A.5 and
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Length dB/m NA - + cor. MRP
1 - 0048 33 24 0 90.0 mV

10 0.15 0044 29 23 0 66.6 mV
20 0.20 0041 29 20 0 38.3 mV
30 0.21 0042 28 22 0 21.7 mV
40 0.32 0.37 20 24 0 5200.0 /tV
50 0.63 0.32 19 18 3 74.3 /tV

100 0.32 0.34 22 18 2 58.0 /tV

Table 7.3: Collected data of Eska Extra EK-40 (third measurement).

25

figure A.6, and in table 7.3. When the NAs in table 7.2 and table 7.3 are compared, little difference
can be found, attenuation on the contrary variates visibly. This is the result of the variation in the
MRPs of the samples. Again, the 10 metres piece shows the highest discrepancy. Although it looks
like the third measurement shows a structural decrease in MRP, it is not of the same magnitude
for all samples. The magnitude of the variations appear to be random over the samples.

Leaving the absolute values measured for what they are and only look at the resulting graphs,
it is remarkable how much the shape of the graphs of the 1, 10 and 20 metres pieces in figure AA
and those in figure A.5 look alike! Apparently moving the fibre or changing the chopper does not
influence the measurements noticeably. It also shows that reproducing the coupling conditions is
very weIl possible without enormous changes in the results. This is important to know as these
measurements have to be performed many times.

As it turns out, the asymmetrie shape is not the result of an instabIe chopper. Other factors
must cause this interesting phenomenon.

To examine the cause of the asymmetrie shape of all the graphs, the fibre head was marked at
the 0 degrees position and then 90 degrees turned; put into the 90 degrees position, according to
the definitions in subsection 6.3.3. The power received at the solar cell was measured using the
same method as before. This resulted in figure A.7 and figure A.8. Table 704 shows the numerical
results.

Length dB/m NA - + cor. MRP
1 - 0047 29 27 1 86.0 mV

10 0.14 0045 26 27 0 64.2 mV
20 0.20 0042 22 28 2 36.1 mV
30 0.23 0042 26 24 1 18.9 mV
40 0.31 0.37 20 24 0 5300.0 /tV
50 0.63 0.33 22 17 2 7004 /tV

100 0.32 0.35 22 19 4 57.5 /tV

Table 704: Collected data of Eska Extra EK-40 (fourth measurement).

Comparing table 7.3 with table 704 reveals that neither the NA nor the attenuation change
much. Accept for the 40 metres sample, all the MRPs have decreased slightly. The shape of the
graphs has become more symmetrie, with the exception of the graph of the 20 metres sample.
Using table 704 columns 4, 5 and 6, it shows that the 1, 10, 30 and 50 metres samples have
improved most. The main exception in this euphoria is the 20 metres sample which graph seems
to have flipped over.

In short, it is clear that turning the fibre head has had a significant influence on the charac
teristic of the fibre. It is still possible that other factors, as mentioned before, have an influence
on the characteristics of the fibre.
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Looking at all the measurements discussed so far, tables and figures, there are several things to
be noticed:

• Attenuation of 50 metres sample; Clearly this piece of fibre has been damaged the most.
This can be concluded from the fact that the 100 metres sample has a lower attenuation per
metre (50% less)! Thus the influence of damages is clearly a much higher attenuation per
metre and a smaller NA.

• Length dependency; Attenuation per metre and NA are length dependent as was expectedl.
The attenuation per metre increases while the NA decreases when the fibre gets longer;
forgetting the damaged 50 metres sample for now.

• NA!; The numerical aperture measured is the NA of the fibre. According to the results,
excluding the first measurement, this has a maximum of 0.48. The theoretical NA! according
to table 5.1 is 0.47. Thus the theoretical numerieal aperture is the same as the numerieal
aperture measured for 1 metre fibre.

• Equilibrium; Subsection 3.1.1 states that the equilibrium for the numerieal aperture, NAoo ,

is 70% of NA! in theory. With a NA! of 0.48 this results in a NAoo of 0.34 (::::::20 degrees).
This number is almost reached by the 100 metres sample. Because no longer lengths were
measured and the NA does not always decreases when the fibre length increases because of
damages, it is unclear if the NA will stabilise on NAoo or keep decreasing. The same can be
said for the attenuation per metre.

It may look like a stabilisation at 0.32 dB/m is setting in, this is just the result of damages
in the 40 metres sample causing it to have the same attenuation per metre as the 100 metres
sample. So, concerning the reaching of the equilibrium only one thing is really clear: it is
not reached, not even at a length of 100 metres.

The decreasing of the NA is visible in the figures; the shape of the graphs goes from that of a
square to that of a bell jar. Looking at the results obtained by Dugas and Maurel in [Dugas 92] this
was expected. If a far field measurement was performed, the same shapes would have been seen.
The decreasing of the NA is a result of mode-coupling and differential mode loss (subsection 3.1.1)
whieh also result in an increase of the attenuation per metre; the connection between NA and
attenuation per metre is made visible in these measurements.

During these four measurement series three different methods using two different setups were
used. Between the second and third measurement series the setup was altered from a moving
laser-chopper-beam expander setup in a moving fibre setup with an other chopper. This change
of setup did not seem to influence the results significantly. This means that both the moving
laser-chopper-beam expander and the moving fibre setup can be used.

Also, the power variations in the laser optieal power were clearly visible. However, these
variations do not influence the measurements results significantly either. Still they have to be
taken into account when trying to explain the shifting and increasing/decreasing of MRPs.

The asymmetrie shape of the graphs led to several hypothesis that need to be checked. Already
it has been shown that the position of the fibre head has a significant infiuence, but other factors
mayalso be active here. And maybe only this fibre, Eska Extra EK-40, has an asymmetric shape.
Therefore measurements were performed on the samples supplied by Hoechst before deciding to
investigate this behaviour further.

7.2 Hoechst

Hoechst supplied four samples of cords, each 3 metres long, which only differ in their jacket
material. No attenuation measurements have been performed2 . This does not mean that the

lSee section 4.2 and subsection 3.1.1.
2In chapter 5 is explained why not



CHAPTER 7. RESULTS 27

measurement results are not interesting enough. For all measurements the method described in
subsection 6.3.3 was used. Unlike the former measurements, all samples were measured with three
different fibre head positions: 0, 90 and 180 degrees.

The first cord to be measured on is the Hoechst Infolite AN52 whieh has a jacket made of
polyamide. The results are shown in figure A.9 and table 7.5. The table format has changed

Head NA - + cor. MRP
0 0.45 26 28 -6 92.0 mV

90 0.45 28 25 -1 91.5 mV
180 0.45 30 24 5 91.1 mV

Table 7.5: Collected data of Hoechst Infolite AN52.

a little bit to comply with the data measured. The first column now represents the fibre head
position while the column 'dB/m' has disappeared. Other columns remain unchanged as does
their denotation.

This cord was actually measured and polished several times because the very strange shape of
the graphs was unexpected. However, the graphs did shift a bit but the slant remained the same. It
may be that the fibre is damaged internally over its length; this is not visible under the mieroscope.
Another possibility is the effect the jacket material has on the transmission characteristic of the
fibre3 .

In my opinion the phenomenon is the result of internal damages. I think so because of the
relatively large correction needed to shift the MRP to an angle of incidence of 0 degrees. Only an
oblique fibre head can eause this, as will be demonstrated by an experiment in section 7.3.

The second cord to be measured on is the Hoechst Infolite EN52 whieh has a jacket made of
polyethylene. The results are shown in figure A.10 and table 7.6. The MRPs measured differ 1.4%

Head NA - + cor. MRP
0 0.46 27 28 4 93.3 mV

90 0.46 27 28 1 92.3 mV
180 0.46 31 24 0 91.8 mV

Table 7.6: Collected data of Hoechst Infolite EN52.

at most, which can be explained by the 2% optical power variation of the laser measured earlier.
Please take into account that, according to the column 'cor.' in table 7.6, the 0 degrees graph
should be shifted 4 degrees to the right. This results in an asymmetrie 0 degrees graph that is
the mirror image of the 180 degrees graphj both are asymmetrie. The 90 degrees graph on the
other hand is perfectly symmetrie. The shape of all three graphs is almost square what is to be
expected when looking at the graphs from the EK-40 1 metre fibre piece.

The third cord to be measured on is the Hoechst Infolite UN52 whieh has a jacket made of
polyurethane. The results are shown in figure A.U and table 7.7. Actually this cord was polished
and measured several times to verify the strange shape of the graphs. Every measurement how
ever, showed the same shape; a plateau or even a little dip on the sides. Although its shape is
not asymmetrie in the way the graphs of the other cords are, it is not symmetrie. Remembering
the strange characteristics AN52 has, the same explanation can be given here: internal damages
or jacket material influence. When considering internal damages it is strange that the two phe
nomenons are not alike and that the correction value in column 'cor.' is not so large as it is for
AN52, table 7.5. Therefore, in my opinion the jacket material causes the phenomenon in this case.

3Several references state that a jacket can increase the attenuation for instance.
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Head NA - + cor. MRP
0 0.45 28 26 1 96.0 mV

90 0.46 30 25 1 95.1 mV
180 0.45 29 25 1 94.6 mV

Table 7.7: Collected data of Hoechst Infolite UN52.

28

Up to now only the EN52 showed an expected characteristic, the other two showed some very
strange phenomenons. Maybe the fourth cord shows another strange behaviour. The fourth cord
to be measured on is the Hoechst Infolite MN52 which has a jacket made of polyoxymethylene. The
results are shown in figure A.12 and table 7.8. The figure and table show a 'normal' asymmetric

Head NA - + cor. MRP
0 0.45 23 31 0 88.6 mV

90 0.45 28 26 2 89.4 mV
180 0.45 32 22 1 89.9 mV

Table 7.8: Collected data of Hoechst Infolite MN52.

shape for the 0 degrees graph, which is a mirror image of the 180 degrees graph, and a symmetrie
shape for the 90 degrees graph. The MRP variates among the measurements, as it does with all
measurements, but now it increases and not decreases with the changing of the fibre head position.

When looking at all four tables, table 7.5 to table 7.8, it is clear that the NA is the same for all
samples and that the MRPs do not differ much; the differences can be explained by variations in
the laser optical power and by variations in the length of the different cords. The NA is a little
bit smaller as stated in table 5.1 but this is also the case for the EK-40 fibre as soon as the length
comes above 1 metre.

The most interesting fact about these cords is the fact that only the jacket material differs.
But phenomenons shown by AN52 and UN52 teIl otherwise. AN52 shows a slant on one side
of its transmission characteristic, while UN52 shows dips and plateaus depending on the fibre
head position. While the first phenomenon can be explained by internal damages, causing an
phenomenon that looks most like the phenomenon visible when polishing the fibre head oblique
as is done in section 7.3, the second phenomenon cannot. That leaves two possible explanations
that are both very difficult to investigate:

• Jacket material; As stated in chapter 2 and especially section 2.3, the jacket material can
react with the fibre material.

• Quality of PMMAj When the core material is of a low quality, anything can happen to the
transmission characteristie.

Most likely there has occurred areaction between fibre and jacket material because the core
material PMMA is usually the of same high quality for all fibres. However, this is a chemical
problem whieh means that the confirmation has to come from chemical analysis of the cords.
Neither the equipment nor the knowledge is available to do this.

The measurements indicate that the asymmetrie phenomenon is not restricted to Eska Extra
EK-40. It may weIl be that all POF suffers from this phenomenonj something to check out.
Comparing the Hoechst samples with Eska Extra EK-40 is a little bit trieky because of the strange
phenomenons visible in AN52 and UN52. But, only looking at the tables, it can be concluded that
the Hoechst fibres transmit light better than Eska Extra EK-40. Looking at the MRP it seems
that 3 metres of Hoechst Infolite cord, attenuates less than 1 metre of Eska Extra EK-40.
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7.3 Hoechst Infolite MN52
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The Hoechst Infolite MN52 cord is used to experiment with the setup. This experimenting is
done to examine the possible causes for the asymmetrie shape of almost all graphs. First of all
the beam expander was replaced by a beam expander with an expanding factor of 20 to examine
the infiuence of the choice of beam expander. The main disadvantage of such a beam expander
however, is the fact that only very little optical power hits the fibre head. This becomes quite
dear when looking at table 7.9 and figure A.13.

Head NA - + cor. MRP
0 0.42 25 25 5 13.7 mV

90 0.40 26 21 6 13.6 mV
180 0.45 29 24 6 14.2 mV

Table 7.9: Collected data of Hoechst Infolite MN52 (second beam expander).

The use of a beam expander that expands the laser beam 20 times, decreases the MRP 6.5 times
and makes the NA measured very unstable. Probably, this is a result of the very low amount of
optical power entering and travelling through the fibre. The transmission characteristics shown in
figure A.13 are still asymmetrie. They may look more symmetrie, they are much worse compared
with the ones in figure A.12; the MRPs have shifted and instead of being square shaped they are
bell shaped. This bell shape is dearly caused by the lesser optical power entering the fibre at
the various angles. The attenuation higher modes suffer from, see section 4.2, reduces the optical
power so much, that the fibre shows the characteristic of a much longer fibre.

Although the experiment proves that the quality of the beam expander infiuences the results,
it also proves that the beam expander does not explain the asymmetry of the graphs. This can
be said because the asymmetry sets through the same way with the second beam expander as it
does with the first beam expander.

Logically thinking, this was to be expected. Even if the beam expander does not produce a
Lambertian, collimated beam the shape of the graphs ought to be symmetric because the same
amount of light hits the fibre head at -Cl: and +CI: which would lead to the same power measured
by the solar cello

Because the beam expander is ruled out as the eause for the asymmetric shapes, the old beam
expander is placed back and an other experiment is carried out.

Former measurements showed that changing the fibre head position changed the transmission
characteristic of the fibre. Because moving the fibre/cord during a measurement does not cause
the results to change, only the fibre head can cause this change. Thus a doser look at the fibre
head is recommended.

In all books concerning optica the laws of Fresnel are mentioned, thus also in [Heel 64]. One of
these laws state that a certain amount of light hitting a changeover will be refiected. The amount
of light being refiected depends on the refractive index of the two materials, the angle of incidence
of the lightray and the polarisation of the light.

It is possible that the refiection differs over the fibre head, thus causing different amounts
of light to be refiected which implies a difference in light being transmitted through the fibre.
However, looking at the factors the refiection coefficient depends on, this cannot be the case here:

• Angle of incidence; the refiection coefficient is stabie for the angles of incidence used in the
measurements; according to [Heel 64] it remains fairly constant to 60 degrees indusive.

• Refractive index; a variation in the refractive index of PMMA over the fibre head will
infiuence the refiection coefficient but can not explain the asymmetrie shape of the graphs
as the refractive index is place dependent and not angle of incidence dependent.
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• Light polarisation; the polarisation of the laserbeam does not change during any of the
measurements.

There are two possibilities that can cause the true reflection coefficient to become different for
-Cl:: and +Cl:::

• Polishing effect; the polishing of the fibre head causes little cracks in the material which
result in a different angle of incidence and a different changeover for -Cl:: and +Cl::.

• Structure irregularities; the Fresnell law assumes a homogeneous surface. This is not the
case with POF in which the core material consist of strings of molecules. This results in a
fibre head with cracks, causing the same phenomenon as mentioned above.

Both effects actually depend on the wavelength of the lightbeam. When the cracks are smaller
than the wavelength of the light, 632.8 nm, then they have no influence. Biggel' cracks allow the
lightbeam to enter. The most simple to investigate is the possibility of a polishing effect. This is
done by simply polishing the same fibre and measuring it several times.

For the next experiment the fibre head was deliberately polished oblique. The slant was clearly
visible which means that is must be largel' than 15 degrees. Normally the fibre head is polished as
flat and perpendicular to the fibre axis as possible; under a microscope there is no slope visible.
In figure A.14 the graph of fibre with an oblique fibre head is shown. The main difference with
figure A.12 is the MRP which is shifted 7 degrees left. The graph is still asymmetrie but the
asymmetry has changed sides. It has not, however, increased or decreased significantly.

It seems clear that the quality of the polishing process does influence the transmission charac
teristic; measurements on AN52 already indicated this. The experiment proves that an eventual
slant in the fibre head's surface does not lead to an excessive asymmetry in the resulting graph of
the fibre/cord. Because the fibre has been polished wrong, it now has to be polished right again.
Figure A.15 shows the measurement results from the cord aftel' polishing it flat and perpendicular
to the fibre axis a second time. To compare the result with the first measurement result, the
odegrees graph of figure A.12 has been included.

The figure shows two, almost identical, graphs. Therefore it is no wonder that the NAs are
the same. Not visible in the graph is the MRP. The newly polished fibre showed an increase of
0.7 mV, leading to 87.3 mV. This difference is too small to be noticed; the fluctuation in laser
optieal power or decrease of length can cause this easily. More importantly, this measurement
shows that polishing the fibre repeatedly did not influence the asymmetrie behaviour in this case.
When the polishing process would cause the asymmetry, then polishing the same fibre again would
result in a different measurement result because it is virtually impossible to make the same error
twice. The graphs however, do not differ! Therefore it can be concluded that the polishing process
does not cause the asymmetry whieh leaves only one explanation: structure irregularities.

There is a significant problem encountered here. The graph of the AN52 did change aftel' the
fibre had been polished repeatedly! There must be a difference between the polishing of MN52
and AN52. For both cords the polishing process involves removing fibre material at the fibre head.
More material is removed from the MN52 than from the AN52 as a result of the oblique polishing
experiment. But AN52 is an internally damaged fibre, so removing some of this 'damaged' material
may result in a different characteristie. In short these measurements are influenced by to many
factors to derive a conclusive conclusion from. Therefore, an experiment using an other fibre has
to be conducted.

7.4 Checking 20 metres of Eska Extra EK-40

Does the transmission characteristie of POF depend on the polishing process or not? The former
measurements are inconclusive; for AN52 it does, for MN52 it does not. More experiments are
needed to farm a conclusion. Therefore, the 20 metres pieces of Eska Extra EK-40 is put to the
test again. Chosen was for this sample because it was this sample that attracted our attention to
the asymmetrie behaviour of POF in the first place; see figure A.6.
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First the fibre head was molten by pressing it on a hot plate and measured using the same
method as before. This resulted in figure A.16 and table 7.10. The figure shows a perfectly
symmetrie 0 degrees and 90 degrees graph. The 180 degrees graph is a little less symmetrie but
still much better as the graph in figure A.6. The figure also shows an expected result of melting
the fibre head: the relative transmitted power for the higher angles is much higher than with a
polished fibre head. This is caused by the increase in diameter of the fibre head as a result of the
meltingj a nailhead is created.

Head NA - + cor. MRP
0 0.41 24 24 -1 27.7 mV

90 0.39 24 22 2 28.0 mV
180 0.40 25 22 3 28.2 mV

Table 7.10: Collected data of 20 metres EK-40 with a molten fibre head.

Examining table 7.10 it seems that the MRP is practieally the same for all three measurements.
However, the NA is variating now. Table 7.3 showed a NA of 0.41 and a MRP of 38.3 mVj 10 mV
more than table 7.1O! Taking the 1 metre sample from table 7.3 as a reference, the 20 metres
sample with molten fibre head would have an attenuation of 0.27 dB/mi an increase of 0.07 dB/m.

This measurement with the molten fibre head shows, once again, that polishing the fibre has
an influence on the transmission characteristie of the fibre. In this case by melting the fibre head
the whole asymmetry disappears! However, the experiment cannot be used to distinguish between
phenomenons caused by the polishing process and by structural irregularities, because melting the
fibre head changes the structure of the material in the fibre head. The material changes structure
when reaching Tg as discussed in chapter 2. This causes the structure of the fibre head material
not to be the same as the structure of the material in the fibre. A result of this change is the
lower MRP.

To find a more conclusive answer, the molten fibre head is cut off and polished again. In total
it is polished and measured three consecutive times. The second polishing is of a relatively short
durationj only the 0.5 /Lm polishingpaper is used. The first and third polishing follow the entire
process using both GRIT 320 and the 0.5 /Lm polishingpaper. If the polishing process itself
causes the asymmetry then there will be a distinct difference visible between the first and second
measurement. If however, the structure irregularities cause the asymmetry then there will be a
difference visible between the second and third measurement; a significant amount of material
from the fibre head is removed during these polishing processes.

The results are shown in three figures whieh have a different format as before. To make the
differences better visible the graphs are divided according to the fibre head position. Figure A.17
shows all three measurements made with the fibre head in the 0 degrees position, figures A.18
shows them for the 90 degrees position and finally figure A.19 shows them for the 180 degrees
position. The table format remains unchangedj table 7.11 shows the collected data of all three
measurements.

Table 7.11 shows the results of a total of 711 measurements. The MRPs and the NAs are
near the ones measured before; see table 7.3 and table 7.4. The first and second polishing show
an almost identieal tabIe, while the third polishing shows a more different one. According to the
'-' and '+' columns, fairly symmetrie graphs are to be expected for the third polishing while the
other two should result in more asymmetrie ones.

The figures show an identieal path: the first and second polishing have identieal graphs while
the third polishing resulted in clearly different graphs as shown in the three figures mentioned
before. The third polishing resulted in three identieal graphs, shown separately in figure A.20.
This figure shows three symmetrie graphs whieh are completely identical to one another. The
first and second polishing both have the same asymmetrie graphs shown separately in figure A.21.
Comparing the 0 degrees graph with the one in figure A.S shows that the asymmetry is less and
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First polishing
Head NA - + cor. MRP

0 0.42 24 26 0 40.4 mV
90 0.42 26 24 -1 39.8 mV

180 0.43 29 22 1 39.7 mV
Second polishing

Head NA - + cor. MRP
0 0.42 24 26 0 39.8 mV

90 0.41 26 23 0 39.8 mV
180 0.42 28 22 1 39.8 mV

Third polishing
Head NA - + cor. MRP

0 0.41 25 23 0 39.5 mV
90 0.41 25 24 2 37.6 mV

180 0.41 25 23 1 38.0 mV

Table 7.11: Collected data of 20 metres EK-40, three times polished.
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kas fiipped over! Instead of having a wider part at the '-'-side it has a wider part at the '+'-side.
The asymmetry clearly shifts from right to left as a function of the fibre head position. This
phenomenon was also visible in one of the first measurementsj figure A.5 and figure A.7.

These phenomenons are not that difficult to explain. However, they cannot be explained by
the polishing process. After all, if the polishing process caused the asymmetrie phenomenon then
all transmission characteristies would be asymmetric and a difference between the first and second
polishing would have become visiblej it is impossible to make the same error twice. The third
polishing confirmed the believe that the polishing process does not cause the asymmetry, as it
shows symmetric transmission characteristies. This is impossible when the polishing process is
responsible for the asymmetry.

This means that structure irregularities are the cause of it all. Keep in mind that the polishing
process has not changed, but the depth has. With this is meant that after the second polishing
some material is actually removedj the polishing process takes place on a spot deeper in the fibre
when looking at it as if it would still have its original length. Even more material was being
removed between the very first polishing, figure A.5, and the first polishing, figure A.21. As a
result the transmission characteristic's asymmetry has changed.

Clearly there is a development in the characteristic of the fibre: it goes from an asymmetric
graph with a much wider '-'-side to an asymmetrie graph whieh is a bit wider on the '+'-side to
symmetric. The fibre head position is the same, here 0 degrees, for all situations. This means that
the structure irregularities do not remain the same in the fibre. Most likely they are cylindrical
with a certain period as this would explain the shifting from the wider parts from minus to plus
and the encountering of a symmetrieal characteristic; this is just along the way from left to right.
This would explain why in section 7.3 the transmission characteristic on MN52 does not change;
a full period has been removed. For AN52 this explanation does not really count as that cord is
clearly suffering from internal damages4 .

The problem with these structure irregularities is that it will require chemical investigations
to prove it beyond doubt. The means to do this, nor the knowIedge, are available to me. Dr.
Bastiaansen however, told me that this explanation is possibly as the structure of polymers is very
different from that of glass. It is possible that the strings of molecules which form the polymer
are arranged cylindrieal which would mean that the asymmetry is not even caused by structure
irregularities, but simply by the chemieal structure of the strings of polymer molecules at the fibre
head!

4Removing some damaged materia! changes the transmission characteristic
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7.5 Eska Premier GH-4001
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The last eord to be measured on was supplied by Mitsubishi Rayon. The interesting part about
this fibre is the fact that the cladding material is different form the ones used in the other fibre
and eords. Aeeording to the information supplied by the manufaeturer, this eord has the lowest
attenuation and the highest NA of them all. All measurements follow the method described in
subsection 6.3.3. These measurements ean be divided in four groups:

• Polished head in 0 degrees position.

• Molten head in 0 degrees position.

• Most asymmetrie transmission eharaeteristie.

• 20 metres cutback measurement.

The first two measurements have been performed earlier on other fibres in some way. The other
two are to find the most asymmetrie eharacteristie for a sample of fibre and to see what happens
when the fibre head remains unehanged but the fibre end is cut back. However, the list does not
represent the order in whieh the experiments take plaeej the 20 metres sample was cutback before
being molten. An other 20 metres sample has been used for the measurements with a molten fibre
head. Of course all fibres were polished before being molten.

The first measurement series was performed twiee on all six samples of GH-4001. This resulted
in the two figures, figure A.22 and figure A.23, and one tabIe, table 7.12. Beeause only one fibre

Length dB/m NA - + cor. MRP
1 - 0.54 32 33 -1 95.8 mV
3 0.10 0.53 30 34 -3 91.4 mV
5 0.13 0.52 30 32 0 84.9 mV

10 0.14 0.50 30 30 0 71.9 mV
15 0.17 0.48 28 30 0 55.3 mV
20 0.22 0.48 27 30 0 37.4 mV

Table 7.12: Colleeted data of Eska Premier GH-4001 (first measurement).

head position is used and an attenuation per metre ean be ealculated again, the old table format
has returned. Table 7.12 reveals a very high NA and a normal attenuation per metre whieh is in
aeeordanee with table 5.1; from 15 metres onward the attenuation per metre is above 0.15 dB/m.
Compared with table 7.3 the NA is signifieantly higher but the attenuation per metre does not
differ mueh. The angles at whieh the reeeived power is 50% of the MRP are close to one another
and just slowly deereasing with the length. Expeeted are reasonably symmetrie graphs.

The transmission eharacteristies in figure A.22 and figure A.23 are mueh more symmetrie than
those of EK-40 for the same lengthsj compare with figure A.5. Only the 15 and 20 metres samples
show a visibIe asymmetry, where the latter shows the clearest.

Although the other samples are symmetrie for the 0 degrees position, they do not have to be
for other positions. For the next experiment the fibre heads are put in the position that gives
the most asymmetrie result. Chosen is to maximise the differenee between the two 30 degrees
angles of incidenee: the reeeived power at an angle of -30 is minimised. The measurements result
in two figures, figure A.24 and figure A.25, and the table 7.13. Looking at these figures and table
it is clear that the samples do not produce a very asymmetrie transmission eharaeteristie. The
table's values for NA and attenuation per metre do not differ mueh, not at all for the NA, from
the eorresponding values in table 7.12. Neither do the other values! With an exeeption for the
20 metres sample whieh has flipped over, the values are almost identical.
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Length dB/m NA - + cor. MRP
1 - 0.54 31 35 -2 99.4 mV
3 0.08 0.53 29 35 0 95.8 mV
5 0.13 0.52 30 32 -2 88.0 mV

10 0.16 0.50 30 30 0 71.5 mV
15 0.19 0.48 28 30 2 54.0 mV
20 0.23 0.48 32 26 0 36.5 mV

Table 7.13: Collected data of Eska Premier GH-4001 (second measurement).
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No wonder that the figures do not differ much either. Again, only the 15 and 20 metres sample
are obvious asymmetrie, the others are also asymmetrie but barely visible. To be concluded from
this is the fact that the chemical structure has been improved since EK-40. A closer examination
of the 20 metres sample is undertaken to see if this asymmetry depends on the fibre length or on
the fibre head. Expected is a fibre head dependency which would mean these barely asymmetrie
characteristics are just a coincidence.

For this experiment the 20 metres sample is subjected to the cutback method. The sample is
cutback from 20 metres to 15 metres whieh is then cutback to 10 metres and so on. Finally a
1 metre long sample is the result. Alllengths are measured as usual. The fibre head is set in the
position it had for the previous measurement; it has not left the setup.

The results are shown in figure A.26 and figure A.27, and in table 7.14. This table is not
representative for the cord as the fibre end is not polished. The effects of an unpolished fibre end
are clearly visible.

Length dB/m NA - + cor. MRP
20 0.20 0.48 32 26 x 36.5 mV
15 0.25 0.48 32 26 x 38.4 mV
10 0.16 0.49 32 27 x 62.0 mV
5 0.25 0.51 33 28 x 68.2 mV
3 0.05 0.52 34 29 x 83.8 mV
1 - 0.52 34 29 x 85.8 mV

Table 7.14: Collected data of Eska Premier GH-400l (20 metres and down).

Although the fibre end is not polished, the NA has not changed much. However, the attenuation
per metre has clearly become unreliable as a result of the unpolished fibre end. The column 'cor.'
has not been filled in because that would present a very unreliable value, as will explained later.

Actually, the table is not a good way to value this experiment. Looking at figure A.26, whieh
contains the measurements for 20, 15 and 10 metres (measured in this order), the original asym
metry of the 20 metres sample is maintained. Also, the slant at the '-'-side is clearly visible. This
slant is slowly decreasing whieh results in an almost horizontalline at the '-'-side for the graphs
in figure A.27, 10, 5 and 1 metre samples. In section 4.2 it was stated that a lightray suffers from
mode-coupling and differential mode loss. This measurement illustrates the effect of differential
mode loss on the attenuationj it causes the slant to appear. Cleady, the attenuation for higher
modes increases more with an increasing fibre length than the attenuation for lower modes. Also,
the mode-coupling process must be of a low level as otherwise the lower modes would be turned
into higher modes suffering from a higher attenuation and the slant would not appear so clearly.
This means that the concentration of obstacles in the core material is very low; the core material
is very pure.
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The effects of an unpolished fibre end are made visible in the roughness of the graphs causing
the column 'cor.' not to be filled in. The roughness is caused by the loss of light being transmitted
by the fibre end; light leaves the fibre end at such an angle that it is not received by the detector.
This roughness is clearly visible in the transmission characteristics of the shorter fibres. However,
the asymmetry is not infiuenced by the cutting of the fibre at its end; only the slant is. The latter
was also observed in section 7.3 when a different beam expander was used. It is clearly the result
of less optical power coming through longer fibre lengths, especially for bigger angles and thus for
higher modes.

As the asymmetry of the transmission characteristic does not depend on the length of the fibre,
only the slant does, nor on the quality of the fibre end, only the condition of the fibre head remains
as the cause. This experiment proves once more the assumption that the chemical structure of
the fibre material at the fibre head causes the asymmetry.

But previous measurements showed a symmetric transmission characteristic when the fibre
head is molten. Therefore it is interesting to see if this is the case for this fibre too.

The last measurement series performed, involved the melting of the fibre heads on a hot plate. After
melting the fibre head it was placed in the 0 degrees position and the transmission characteristic
was measured as before; using the method described in subsection 6.3.3. The result is visible in
six figures, figure A.28 to figure A.33 inclusive, and table 7.15. In the six figures the appropriate
graphs from figure A.22 and figure A.23 are included as a reference, except for the 20 metres
sample. The graph for the 20 metres sample with polished head is new because a secand piece
had to be used; the first one has been destroyed in the previous experiment.

Length dB/m NA - + cor. MRP
1 - 0.54 32 33 -2 96.4 mV
3 0.05 0.53 30 34 5 94.4 mV
5 0.08 0.51 29 32 5 89.2 mV

10 0.14 0.49 29 30 0 72.2 mV
15 0.17 0.48 27 31 0 55.5 mV
20 0.20 0.48 28 30 -1 40.8 mV

Polished fibre head
20 0.21 0.48 27 30 -3 38.0 mV

Table 7.15: Collected data of Eska Premier GH-400l (molten fibre head).

The last row in table 7.15 supplies the data collected from measuring on the new 20 metres
sample with a polished fibre head. It is included to complete the data. One thing should be noted
immediately when looking at the MRP stated in the tabIe: most of them are higher than those of
tabIe 7.12. In the previous measurements involving 20 metres of EK-40 with a molten fibre head,
the MRP of the fibre with a polished fibre head was higher than that of the same fibre with a
molten fibre head5 • In this case there is no additionalloss introduced by melting the fibre head.
Additionally, the NA has not changed and the attenuation per metre is lower as a result of the
higher MRP. The significant shifting of the MRP is caused by the fact that a molten fibre head is
not as fiat as a polished one.

The figures show only a little less wide graph for almost every sample, the graph its shape
remains the same otherwise. Actually the same shape as with the 20 metres ofEK-40 was expected,
figure A.16, but improvements in the melting process created a much smaller nail head and a much
fiatter surface on the fibre head.

Anyway, it is somehow amazing that melting the fibre head's material decreases the attenuation
per metre in this case, while for the 20 metres of EK-40 it clearly increased the attenuation per
metre. It was expected to decrease because melting the polymer care of a POF means destroying

5Compare table 7.10, molten fibre head, with table 7.11, polished fibre head.
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its structure. The improved method however, does not seem to get deep enough to do much
damage. Also it is possible that the cladding, which is also melted in case of EK-4ü but not in
case of GH-4üül, as mentioned in the chapter 5, mixes with the core material thus causing an
increase in attenuation. It takes a chemical investigation and a severe knowledge of polymers and
their behaviour to figure out what really happens here. This is, again, beyond my capabilities.

This concludes the discussion of the measurement results obtained during a six months period.
In the next chapter the conclusions that can be drawn from these measurements and the theory
discussed before are listed.
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Conclusions

The measurements in the previous ehapter were primarily intended to give information about two
qualities of POF: attenuation and numerieal aperture. However, together with these qualities they
give an interesting insight into POF.

But first something about attenuation and numerieal aperture. When eomparing the results
with the information supplied by the respective manufaeturers, it is clear that eomparison is a bit
diffieult. The numerical aperture specified is definitely the theoretical one and equals the numerieal
aperture measured only for short length fibres. On the other hand, the attenuation is a lot more
diffieult beeause the manufaeturers do not specify the eonditions under which they measured the
attenuation per metrel . Add to this that the measurements performed in this report do not follow
the standard eonditions exactly and eomparison becomes impossible.

The least the manufacturers eould have done was specify the length beeause both qualities are
highly fibre/eord length dependable. The attenuation per metre results are even double length
dependent beeause of the need for a referenee length. This makes the measurement results diffieult
to eompare with the specifieations supplied by the manufaeturers. However, looking at the numer
ical aperture, it seems that the values, theory and praetice, eorrespond as long as the fibre/eord
length is beneath the 10 metres. Attenuation, when using the 1 metre as a referenee, eorresponds
to approximately a fibre/eord length of about 15 metres.

The transmission eharacteristies revealed a behaviour that is truly an unique feature of POF. Glass
fibres have a symmetrie transmission eharaeteristic under normal operation eonditions which ean
get asymmetric when pressure is praetised on the fibre. Polymeric optical fibres however, seem
to have an asymmetrie transmission eharacteristic independent of these operation eonditions.
This asymmetry is not the same for all POF and within one POF its manifestation depends
on the ehemical structure of the polymer material at the fibre head and the plane in which
the transmission eharacteristie is measured. Thus it is possibIe that measured in one plane the
transmission eharacteristic is symmetrie, while measured in an other plane it is not. AIso, eutting
and polishing the fibre repeatedly and thus ehanging the material at the fibre head, will eventually
result in a eompletely symmetrie transmission eharaeteristic.

However, the influenee of this behaviour is absolutely negligible for practical situations. The
asymmetry is only noticed beeause the light souree used is a laser with a numerical aperture of O.
The light sourees that are to be used with POF normally have a numerical aperture of 0.10, in
ease a laserdiode is being used, or 0.65 in ease a LED is being used. The asymmetric behaviour
will not be noted using sueh light sourees as they shed a eone of light on all angles from -5.7 to
5.7 inclusive or -40.5 to 40.5 inclusive respeetively.

IStandard IEC 793-1 CIA specifies several conditions for the cutback method that cannot be hold for measure
ments on POF; a fibre longer as 1 km should be used which is impossible for POF.
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This means that light is distributed over the fibre head in that way that no asymmetry phe
nomenon will be visible at the detector. This is also the reason why far field measurements will
not show the phenomenon; normally light is launched with a numerical aperture of 0.65 with this
method.

Of more practical use is the result of the experiments with a molten fibre head. These experiments
show that the transmission qualities do not diminish dramatically when the fibre head is molten
instead of polished. Of course the fibre head should not be to rough when it is pressed on a hot
plate as that would lead to bulges on the molten fibre head.

The practical use lies in the fact that not everybody has a polishing machine. In that case
melting the fibre head is an easy and fast method to get a good coupling efficiency between light
source and POF. This adds to the easy handling and installing advantage of POF.

The experiment involving the cutback of a 20 metres sample of Eska Premier GH-4001 showed the
influence of differential mode loss and mode-coupling. At least for this cord it can be concluded
that the core material is of a very high purity as the level of mode-coupling is very low. Probably
this will also be the case for the other fibre and cords but no cutback measurements were performed
on these2 •

The measurements have shown that fibres having a PMMA-core do not have to have the same
characteristics. The EsI@ Extra EK-40 showed a slightly higher attenuation, alowel' MRP, than
the Hoechst Infolite cords; both are made of the same core and cladding material. The Eska
Premier GH-4001 showed the influence of cladding material choice: a higher numerical aperture
and a cladding that comes loose when the fibre is polished.

Working with POF means working with a chemical product which structure differs tremen
dously from the structure of the glass fibres which are common use nowadays. Glass has a crys
talline while polymers are formed from chains of molecules. These differences manifest by making
it possible to make POF much thicker than glass fibres while still being flexible, but also by having
a much higher attenuation than glass fibres.

When considering POF as the transmission medium in an optical system, it should be known that
POF implies a maximum distance that can be reached and a maximum signal bandwidth that can
be used. The latter at least until graded index POF is common good. When alowel' attenuation
and/or a higher bandwidth is needed, only glass fibres can do the job. If not, then POF, with its
easy handling and low cost components, is an option not to be neglected.

POF, with its large diameter, is easy to handle and still so flexible that corners are no problem.
This is why POF is the only real choice when considering an inexpensive in-house communication
and control network which should be easy to implement, to expand and to instalI. A customer
without any advanced technical knowledge can do it him/herself, thus opening the door to a huge
market of hobbyists.

2 Although ring structures were observed many times.
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Further research

It is clear that this report does not go into every aspect of POF. The bandwidth of POF for
instance, a very important transmission quality, is not discussed at all. Neither is an other , quite
pretty, phenomenon that causes the fibre end to transmit rings of light with the highest intensity
at an angle exactly the launching incidence and a width depending on the fibre length as was
already noted by [Dugas 92]. This phenomenon has also been seen with short pieces of multimode
glass fibres but when using the relatively thick POF it becomes very clear even for langer lengths.

Although it will have na real practical use because in a system the detector is placed as close
as possible to the fibre end and the light source will not have a numerical aperture of 0, it is
interesting to investigate these rings. It is interesting because the width of the ring can be used
as an indicator for the mode-coupling process in the fibre. The width actually shows the modes
that have been formed from the original mode by mode-coupling.

The bandwidth, however, is of great importance for the design of a system. It determines
which signals are suited for transmission through POF and which not. Although this can change
when graded index fibres are commercially availablej early test by Koike show that this kind of
fibre can easily reach 2 GB·km. Examining the bandwidth of and especially designing a suitable
measurement procedure for both step index and graded index POF is necessary for a good system
design.

Furthermore, a real system using POF has not be designed yet within the department. It is
intended that an in-house communication and control system is designed using step index and/or
graded index POF. This requires a lot of research into the commercial possibilities of such a
system.
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Appendix A

Graphical results

Figure A.l: Typical attenuation spectrum of PMMA fibre

Measurement conditions:
Sample :EK-40 (fibre)
Light Source :Monochrometer
Cut-back length :25m - 5m
Lens N.A. :0.1
Wavelength :Every 2 nm from 370 nm to 710 nm

42



APPENDIX A. GRAPHICAL RESULTS 43

1m
lOm
20m

~ .....-,::.'

,/:'"
, ', '

/ :
/ .
/ '
/ ::,'

/,

""/
/

,I
",'l

":,
""": ,, ,

, /, /.,: ,
: :, ,
, /

: /, /, /, /
, I
: I, /
, I
, I
, I: ,, ,
: :, ,
. !
i
/

:
I
I
I
I,

, I

o L_...J ~=====:::::_....b"'·=::---~·-:;-::.'__..L ...l L:..:..:.=;.;.=.L;;::;;;;;:=;;=;;::l;== .L..._...J

80

60

40

20

100

-80 -60 -40 -20 0 20
Launching incidence

40 60 80

Figure A.2: Eska Extra EK-40, laser turning over 90°
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Figure AA: Eska Extra EK-40, laser turning over 39°
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Figure A.6: Eska Extra EK-40, fibre turning over 39°
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Figure A.7: Eska Extra EK-40, fibre (90° turned) turning over 39°
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Figure A,8: Eska Extra EK-40, fibre (90 0 turned) turning over 390
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Figure A.9: Hoechst Infolite AN52, cord turning over 390 in three positions
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Figure A.IO: Hoechst Infolite EN52, cord turning over 39° in three positions
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Figure A.ll: Hoechst Infolite UN52, cord turning over 39° in three positions
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Figure A.I2: Hoechst Infolite MN52, cord turning over 39° in three positions
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Figure A.I3: Hoechst Infolite MN52, using an beam expander factor 20
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Figure A.14: Hoechst Infolite MN52, polished oblique
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Figure A.15: Hoechst Infolite MN52, repolished after being oblique
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