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EXPERIMENT 11

1.0

Introduction

There is hardly any book in optics which does not contain the experiment of Colladon (1841) on total reflection
of light. Most of us may have enjoyed it during the basic
physics course.

Fig. 1.1: Colladon‘s (1841) experiment for the demonstration of the total reflection of light
An intensive light beam is introduced into the axis of an
out flowing water jet. Because of repeated total reflections
the light can not leave the jet and it is forced to follow the
water jet. It is expected that the jet remains completely
darken unless the surface contains small disturbances.
This leads to a certain loss of light and it appears illuminated all along its way. Effects of light created in this way
are also known as „Fontaines lumineuses“. They please
generally the onlookers of water games. This historical
experiment already shows the physical phenomena which
are basic in fibre optics or in more general optical wave
guides. Such devices are able to guide light waves and are
used in many applications. One of the first known applications of using the idea of Colladon was in 1930 when
Heinrich Lamm, than a medical student, published a paper
reporting the transmission of the image of a light bulb filament through a short bundle of optical glass fibres. His
goal was to look inside inaccessible parts of the human
body. In his publication „The optical analogy of ultra short
wavelength guides“ H. Buchholz expressed in 1939 the
idea to guide light signals along light conducting material and to use them for data transmission. But only with
the development of the semiconductor laser in 1962 Buchholz‘ idea was materialising by using just these lasers and
fibres as light transmitting medium. Suddenly simple and
powerful light sources for the generation and modulation
of light were available. Today the transmission of signals
using laser diodes and fibres has become an indispensable
technology and the ongoing development in this area is
one of the most important within this century. Following
the achievements of communication technology the development of fibre optical sensors began in 1977. Here the
laser gyroscope for navigation has to be emphasised in
particular. This new technology is based on well known
fundamentals in a way that no new understanding has to

Introduction
be created. Still, there is a challenge with respect to the
technical realisation keeping in mind that the light has
to be guided within fibres of 5 µm diameter only. Appropriate fibres had to be developed and mechanical components of high precision to be disposed for coupling the
light to the conductor (fibre) and for the installation of
the fibres. Further goals are the reduction of transmission
losses, optical amplification within the fibre as replacement of the electronic amplifiers and laser diodes of small
band width to increase the transmission speed of signals.
One of the most driving power for the development of
fast optical networks is the steadily growing Internet in
connection with worldwide data transfer. Nowadays the
only so called WAN (Wide Area Networks) are equipped
with high speed optical glass fibres whereas the LAN’s
(Local Area Networks) are still using copper wires. The
reasons still for this are mainly the comparably high costs
and specific installation requirements for the glass fibres.
But on the other hand the demand for an all optical data
transfer is more and more increasing since this technology
has two major advantages. Firstly the interception security of sensitive data can be guaranteed to a much more
higher degree and secondly all ground loop problems and
electromagnetic interference (EMI) can be neglected. The
alternative to take advantage of pure optical data transfer
at low costs are the plastic optical fibre.
“Sooner or later, everything is made out of plastic” one
can read on the Internet home page of one of the greatest
plastic optical fibre manufacturer Boston Optical (www.
bostonoptical.com).
This is a simple but nevertheless remarkable statement
describing perfectly the past and probably also holds for
the future. Indeed plastic optical fibre (POF) are making
their way and it can bee seen that this technology will substitute the copper wire in local area networks. It is hard to
say if they ever will be able to compete with optical glass
fibres. The most significant disadvantage is the high attenuation of 200 dB/km versus 0.2-0.5 dB/km for glass fibres.
But one should recall that in 1960 the first glass fibres had
an attenuation of 1 dB per metre (!) and it is due to Dr.
Charles K. Kao, an engineer born in Shanghai, who recognised that the attenuation of the glass fibre to that times
is due to impurities not to silica glass itself that the optical
glass fibres could make their way. In the April 1966 issue
of the “Laser Focus” magazine one can read:
„At the IEE meeting in London last month, Dr. C. K. Kao
observed that shortdistance runs have shown that the
experimental optical waveguide developed by Standard
Telecommunications Laboratories has an information carrying capacity ... of one gigacycle, or equivalent to about
200 TV channels or more than 200,000 telephone channels.
He described STL‘s device as consisting of a glass core
about three or four microns in diameter, clad with a coaxial layer of another glass having a refractive index about
one percent smaller than that of the core. Total diameter of
the waveguide is between 300 and 400 microns. Surface
optical waves are propagated along the interface between
Page -3-
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the two types of glass.”
“According to Dr. Kao, the fibre is relatively strong and
can be easily supported. Also, the guidance surface is protected from external influences. ... the waveguide has a
mechanical bending radius low enough to make the fibre
almost completely flexible. Despite the fact that the best
readily available lowloss material has a loss of about 1000
dB/km, STL believes that materials having losses of only
tens of decibels per kilometre will eventually be developed.“
Nowadays optical glass fibres with an attenuation below 0.5
dB/km at 1.5 µm wavelength are state of the art. So, based
on this history, taking roughly 30 years dropping down
the attenuation of glass fibres to usable values, maybe one
can predict a similar development for the plastic optical
fibre. But nevertheless already today these fibres play an
important role in local area networks, as well as in industry for signal transfer, EMI free audio application in cars,
air planes and home, medicinal and technical endoscopes,
as light tubes for illumination of control panels and so on.

extremely fine kind of dust, originating in a source and
covering the bodies it reached. They were convinced that
light was made up of particles.
As human knowledge progressed and we began to understand waves and radiation, it was proved that light did not,
in fact, consist of particles but that it is an electromagnetic
radiation with the same characteristics as radio waves.
The only difference is the wavelength.
We now know, that the various characteristics of light are
revealed to the observer depending on how he sets up his
experiment. If the experimentalist sets up a demonstration
apparatus for particles, he will be able to determine the
characteristics of light particles. If the apparatus is the one
used to show the characteristics of wavelengths, he will
see light as a wave.
The question we would like to be answered is: What
is light in actual fact? The duality of light can only be
understood using modern quantum mechanics. Heisenberg showed, with his famous „Uncertainty relation“, that
strictly speaking, it is not possible to determine the position x and the impulse p of a particle of any given event at
the same time.

The goal of this experimental kit is to get familiar with
plastic optical fibre and some of their application to
become an expert to take share in this exiting technology. There are worldwide no other fields with such a high
annual growing rate and investment like the multimedia
and telecommunication technology.

2.0 Fundamentals
To understand how light can be confined in material we
do not need to go too deep into physics. To understand the
wave guiding in plastic optical fibre we only have to recall
the basics of light reflection and refraction. Hence within
this project also light emitting diodes as transmitter light
source and Si PIN photodiodes as receiver are used additional chapters will focus on the basics and properties of
this important opto-electronical components.

2.1 Refraction and reflection
In Fig. 1.3 the situation is shown where a light beam propagates in a media having the index of refraction of n1. Subsequently the beam reaches a media with index of refraction n2 under the angel α with respect to the normal of the
incident plane. We know that the beam will change inside
the second media its direction as well its velocity and a
part of the intensity of the beam will be reflected. At this
point we will not stress the ancient geometrical optics as
used by W. Snellius (1620) rather than using more modern
ways of explanation. It is due to James Clerk Maxwell
(1831 - 1879) and Heinrich Hertz (1857 - 1894) that light is
and therefore can be treated as electromagnetically waves.
Light, the giver of life, has always held a great fascination
for human beings. It is therefore natural that people have
been trying to find out what light actually is, for a very
long time. We can see it, feel its warmth on our skin but
we cannot touch it.
The ancient Greek philosophers thought light was an

1
x  p x  
2

1.

If, for example, the experimentalist chooses a set up to
examine particle characteristics, he will have chosen a
very small uncertainty of the impulse ∆px. The uncertainty
∆x will therefore have to be very large and no information
will be given on the location of the event.
Uncertainties are not given by the measuring apparatus,
but are of a basic nature.
This means that light always has the particular property
the experimentalist wants to measure. We determine any
characteristic of light as soon as we think of it. Fortunately
the results are the same, whether we work with particles or
wavelengths, thanks to Einstein and his famous formula:

E  m  c2  h  

2.

This equation states that the product of the mass m of a
particle with the square of its speed c corresponds to its
energy E. It also corresponds to the product of Planck‘s
constant h and its frequency ν, in this case the frequency
of luminous radiation.
It seems shooting with a cannon on sparrows if we now
introduce Maxwell’s equation to derive the reflection and
refraction laws. Actually we will not give the entire derivation rather than describe the way. The reason for this
is to figure out that the disciplines Optics and Electronics
have the same root namely the Maxwell’s equations. This
is especially true if we are aware that in this now ending
century the main job has been done by electrons and in the
next one it will be done more and more by photons.
Accordingly future telecommunication engineers or technicians will be faced with a new discipline the opto-electronic.
We consider now the problem of reflection and other optiPage -4-
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cal phenomena as interaction with light and matter. The
key to the description of optical phenomena are the set of
the four Maxwell’s equations as:

dipoles (µ = 1). Therefore the Maxwell equations adapted
to our problem are as follows:





∂E
∇× H = ε ⋅ ε 0 ⋅
+ σ ⋅ E and ∇⋅ H = 0
∂t



 4π
∂H
and ∇⋅ E =
∇× E = −µ ⋅ µ 0 ⋅
⋅ρ
∂t
ε

3.

4.

ε0 is the dielectric constant of the free space. It represents the ratio of unit charge (As) to unit field strength
(V/m) and amounts to 8.859 1012 As/Vm.
ε represents the dielectric constant of matter. It characterises the degree of extension of an electric dipole acted
on by an external electric field. The dielectric constant ε
and the susceptibility χ are linked by the following relation:



1
 (   0 )
0




∂E
∇× H = ε ⋅ ε 0 ⋅
and ∇⋅ H = 0
∂t



∂H
∇× E = −µ 0 ⋅
and ∇⋅ E = 0
∂t

7.
8.

Using the above equations the goal of the following calculations will be to get an appropriate set of equations
describing the propagation of light in glass or similar
matter. After this step the boundary conditions will be
introduced. Let‘s do the first step first and eliminate the
magnetic field strength H to get an equation which only
contains the electric field strength E. By forming the time
derivation of (7.) and executing the vector ∇× operation on
(8.) and using the identity for the speed of light in vacuum:

c

5.

1
0  0

we get:

 
ε ⋅ ε0 ⋅ E = D

6.

The expression (6.) is therefore called „dielectric displacement“ or simply displacement.
σ
is the electric conductivity of matter.
The product

 
σ⋅ E = j

represents the electric current density
µ0
is the absolute permeability of the free space. It
gives the relation between the unit of an induced voltage
(V) due to the presence of a magnetic field H of unit Am/s.
It amounts to 1.256 106 Vs/Am.
µ
is like ε a constant of the matter under consideration. It describes the degree of displacement of magnetic
dipoles under the action of an external magnetic field.
The product of permeability µ and magnetic field strength
H is called magnetic induction.
ρ
is the charge density. It is the source which generates electric fields. The operation ∇ or div provides the
source strength and is a measure for the intensity of the
generated electric field. The charge carrier is the electron
which has the property of a monopole. On the contrary
there are no magnetic monopoles but only dipoles. Therefore ∇H is always zero.
From (3.) we recognise what we already know namely that
a curled magnetic field is generated by either a time varying electrical field or a flux of electrons, the principle of
electric magnets. On the other hand we see from 4. that a
curled electromagnetic field is generated if a time varying
magnetic field is present, the principle of electrical generator. Within the frame of further considerations we will
refer to fibres as light conductors which are made of glass
or similar matter. They have no electric conductivity (e.g.
σ =0), no free charge carriers (∇Ε=0) and no magnetic


 n2 ∂ 2 E
∆E − 2 ⋅ 2 = 0
c ∂t

 n2 ∂ 2 H
∆H − 2 ⋅ 2 = 0
c ∂t

9.
10.

These are now the general equations to describe the interaction of light and matter in isotropic optical media as
glass or similar matter. The ∆ sign stands for the Laplace
operator which only acts on spatial coordinates :

∂2
∂2
∂2
∆= 2 + 2 + 2
∂x
∂y
∂z
The first step of our considerations has been completed.
Both equations contain a term which describes the spatial
dependence (Laplace operator) and a term which contains
the time dependence. They seem to be very „theoretical“
but their practical value will soon become evident. Now
we have to clarify how the wave equations will look like
when the light wave hits a boundary. This situation is
given whenever two media of different refractive index
are in mutual contact. After having performed this step
we will be in a position to derive all laws of optics from
Maxwell‘s equations.
Let‘s return to the boundary problem. This can be solved
in different ways. We will go the simple but safe way and
request the validity of the law of energy conservation.
This means that the energy which arrives per unit time at
one side of the boundary has to leave it at the other side in
the same unit of time since there can not be any loss nor
accumulation of energy at the boundary.
Till now we did not yet determine the energy of an electromagnetic field. This will be done next for an arbitrary  
medium. For this we have to modify Maxwell’s equations
(3.) and (4.) a little bit. The equations can be presented
Page -5-
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in two ways. (3.) and (4.) are describing the state of the
vacuum by introducing the electric field strength E and the
magnetic field strength H. This description surely gives
a sense whenever the light beam propagates within free
space. The situation will be different when the light beam
propagates in matter. In this case the properties of matter
have to be respected. Contrary to vacuum matter can have
electric and magnetic properties. These are the current
density j, the displacement D and the magnetic induction
B.


 D 
 H 
j
t


B
 E  
t

11.
12.

The entire energy of an electromagnetically field can of
course be converted into thermal energy δW which has an
equivalent amount of electrical energy:

 
W  j  E

( 2)
=
E (x1) E=
H (x1) H (x2 )
x
( 2)
=
E (y1) E=
H (y1) H (y2 )
y

or :
H (tg1) = H (tg2 )

E (tg1) = E (tg2 )

(The index tg stands for “tangential”. )
This set of vector components can also be expressed in a
more general way:

  


  E  N  ( E2  E1 )  0 and   H  0

13.


N is the unit vector and is oriented vertical to the boundary surface. By substituting (13 ) into (11.) or (12.)
it

can be shown that the components of B  0  H and


D   0  E in the direction of the normal are continuous,


but E and H are discontinuous in the direction of the
normal. Let‘s summarise the results regarding the behaviour of an electromagnetic field at a boundary:

=
Etg
From (11.) and (12.) we want now to extract an expression
(1)
for this equation. To do so we are using the vector identity:
(1)

( 2)
(1)
( 2)
E=
Dnorm
Dnorm
tg

H tg H=
Bnorm Bnorm
tg
 

 
 =
  (E  H)  H  (  E)  E  (  H)
By means of the equations (11.), (12.) and the above conti-

and obtaining with (11. and 12.) the result:

 
  0  2
  
W    (E  H)  ( 0  H 2 
E )
t 2
2

The content of the bracket of the second term we identify
as electromagnetically energy Wm



1
1
Wem   0  H 2  0  E 2
2
2

and the content of the bracket of the first term

  
S  EH

is known as Poynting vector and describes the energy
flux of a propagating wave and is suited to establish the
boundary condition because it is required that the energy
flux in medium 1 flowing to the boundary is equal to the
energy flux in medium 2 flowing away from the boundary.
Let‘s choose as normal of incidence of the boundary the
direction of the z-axis of the coordinate system. Than the
following must be true:



S(z1)  S(z2 )




(E (1)  H (1) ) z  (E ( 2 )  H ( 2 ) ) z

By evaluation of the vector products we get:

E (x1)  H (y1)  H (x1)  E (y1)  E (x2 )  H (y2 )  H (x2 )  E (y2 )
Since the continuity of the energy flux must be assured
for any type of electromagnetic field we have additionally:

( 2)

(1)

( 2)

nuity conditions we are now in a position to describe any
situation at a boundary. We will carry it out for the simple
case of one infinitely spread boundary. This does not
mean that we have to take an huge piece of glass, rather it
is meant that the dimensions of the boundary area should
be very large compared to the wavelength of the light. We
are choosing for convenience the coordinates in such a
way that the incident light wave (1) is lying within the zx  
plane (Fig. 2.1).
(1)

(2)

z

y
αυ
φ

β

x

(3)

Fig. 2.1 Explanation of beam propagation
From our practical experience we know that two additional beams will be present. One reflected (2) and one
refracted beam (3). At this point we only define the direction of beam (1) and choosing arbitrary variables for the
remaining two. We are using our knowledge to write the
common equation for a travelling waves as:
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E1  A1  e  i ( 1 t  k1 r1 )
 


E 2  A 2  e  i ( 2 t  k 2 r  2 ) 14.
 


E 2  A 3  e  i ( 3 t  k3 r  3 )

We recall that A stands for the amplitude, ω for the circular
frequency and k represents the wave vector which points
into the travelling direction of the wave. It may happen
that due to the interaction with the boundary a phase shift
δ with respect to the incoming wave may occur. Furthermore we will make use of the relation:

Total Reflection
further result is that:

sin   sin  (law of Reflection)
and finally:

n1  sin   n2 sin 



k1  n1 1  sin , 0, cos  
c


k 2  n1 2  sin   cos 2 ,sin   sin 2 ,  cos  
c


k 3  n 2 3  sin   cos 3 ,sin   sin 3 , cos  
c

Rewriting (14.) with the above values for the wave vectors
results in:

   i1  t  nc1  xsin   zcos  

E1  A1  e 
   i2  t  nc1  xsin cos2  ysin sin 2  zcos   i 2 15.

E 2  A2  e 
   i3  t  nc2  xsin  cos3  ysin  sin 3  zcos    i3

E 2  A3  e 

Now it is time to fulfil the continuity condition requiring
that the x and y components of the electrical field E as well
as of the magnetic field H are be equal at the boundary
plane at z=0 and for each moment.

E1x  E 2x  E 3x

and

E1y  E 2y  E 3y

H1x  H 2x  H 3x

and

H1y  H 2y  H 3y

α

1  2  3
Although it seems to be trivial, but the frequency of the
light will not be changed by this process. A next result
says that the phase shift δ must be zero or π. Furthermore
it is required that:

2  3  0

and means that the reflected as well as the refracted beam
are propagating in the same plane as the incident beam. A

α
reflected beam

n1

refracting surface

β

n2
refracted beam

normal of refracting surface

Fig. 2.2: Reflection and refraction of a light beam
Concededly it was a long way to obtain these simple
results. But on the other hand we are now able to solve
optical problems much more easier. This is especially true
when we want to know the intensity of the reflected beam.
For this case the traditional geometrical consideration will
fail and one has to make use of the Maxwell’s equations.
To understand the concept of plastic optical fibre we only
need to know the basics of reflection and refraction. But
as soon as we reduce the diameter of a fibre towards optical glass fibre for monomode transmission it is absolutely
necessary to use this formalism. The main phenomena
exploited for plastic optical fibre is the total reflection at
a surface. Without celebrating the entire derivation by
solving the wave equation we simply interpret the law of
refraction. When we are in a situation where n1 > n2 it
may happen that sinβ is required to be >1. Since this violates mathematical rules it has been presumed that such a
situation will not exist and instead of refraction the total
reflection will take place.



This is only possible if the all exponents of the set of equations (15) be equal delivering the relation:

sin  n2

sin  n1

the well known law of refraction. We could obtain these
results even without actually solving the entire wave equation but rather applying the boundary condition.

 2n 
n 
k
 u    u

c

whereby n is the index of refraction, c the speed of light
in vacuum, λ the wavelength, u is the unit vector pointing into the travelling direction of the wave and r is the
position vector. Since we already used an angle to define
the incident beam we should stay to use polar coordinates.
The wave vectors for the three beams will look like:

or

n1
n2

c


A


B


C

Fig. 2.2: From refraction to total reflection
The figure above shows three different cases for the propaPage -7-
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gation of a light beam from a medium with index of refraction n2 neighboured to a material with n1 whereby n 2>n1.
The case A shows the regular behaviour whereas in case B
the incident angle reached the critical value of:

 c  arcsin( n 2k  n m2 )

sin  

n2
 sin  c  1
n1

The example has been drawn assuming a transition
between vacuum (or air) with n1=1 and BK7 glass with
n2=1.45 yielding the critical value for αc=46.4°. Case C
shows the situation of total reflection when the value of α
> αc and as we know from the law of reflection α=β.
Now we have collected all necessary knowledge to discuss the concept of plastic optical fibre. It should be mentioned that the results will also be valid for glass fibre as
far as the dimension of the wave guiding material large
compared to the wavelength used e.g. for multimode fibre.
Protective
Cladding Waves Layer

Radiation Waves

n0

α

Core

Cladding

The limiting angle αc represents half the opening angle of
a cone. All beams entering within this cone will be guided
in the core by total reflection. As usual in optics here, too,
we can define a numerical aperture A:

A  sin  c  n 2k  n m2
Depending under which angle the beams enter the cylindrical core through the cone they propagate screw like or
helix like. This becomes evident if we project the beam
displacement onto the XY- plane of the fibre. The direction along the fibre is considered as the direction of the
z-axis. A periodical pattern is recognised. It can be interpreted as standing waves in the XY- plane.

A

β
nk
nm

B

Core Waves

Fig. 2.4: Structure of an optical fibre

Fig. 2.5: Helix (A) and Meridional beam (B)

Glass or plastic fibres as wave conductors have a circular
cross section. They consist of a core of refractive index n k.
The core is surrounded by a cladding of refractive index
n m slightly lower than n k. Generally the refractive index of
the core as well as the refractive index of the cladding are
considered homogeneously distributed. Between core and
cladding there is the boundary as described in the previous chapter. The final direction of the beam is defined by
the angle α under which the beam enters the fibre. Unintended but not always avoidable radiation and cladding
waves are generated in this way. For reasons of mechanical protection and absorption of the radiation waves the
fibre is surrounded by a protective layer sometimes also
termed as secondary cladding. Fig. 2.4 reveals some basic
facts which can be seen without having solved Maxwell‘s
equations. Taking off from geometrical considerations we
can state that there must be a limiting angle βc for total
reflection at the boundary between cladding and core.

cos(c ) 

nm
nk

16.

For the angle of incidence of the fibre we apply the law of
refraction:

sin( c ) n k

sin(c ) n 0

and we get:

 c  arcsin(

nk
 sin c ) .
n0

In this context the standing waves are called oscillating
modes or simply modes. Since these modes are built up in
the XY- plane, e.g. perpendicularly to the z-axis, they are
also called transversal modes. Modes built up along the
z-axis are called longitudinal modes. For a deeper understanding of the mode generation and their properties one
has going to solve the Maxwell equations under respect of
the fibre boundary conditions. But in case of plastic optical fibre with commonly a diameter of 1 mm the mode
structure is of less interest as in glass fibre.
Before we will only focus on plastic fibre a brief comparison of both fibres shall be given. As already mentioned
in the introduction the intended use of plastic fibre is the
short haul transmission of optical signals whereas the
optical glass fibre are preferentially used for long distance
communication due to their excellent low attenuation. But
the glass fibre technology has its price starting by the production process and ending up in the required high precision mechanical installation and handling components like
connectors with precise sub micrometer ferrules, special
fibre cutter and splicing units. However glass fibre are the
best and only choice for high speed and long distance optical communication. Local area networks not exceeding 50
-100 m, are the domain of plastic fibre. The production process is less expensive and the handling is quite easy since
as cutting tools simple razor blades can be used. The core
diameter of 1 mm allows the usage of cheap light emitting
diodes (LED) and also the precision requirements of the
connectors are much more less stringent.

Using equation (16.) and with no ≅ 1 for air we finally get:
Page -8Dr. Walter Luhs ● MEOS GmbH ● Dec. 1999
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2.2 LED and Photodiode

Protective
Coating ∅ 2.2 mm

Cladding 0.02 mm

Core ∅ 0.98 mm

Fig. 2.6: Dimensions of common PMMA optical Fibre
The core of modern plastic fibre are made from PMMA
(PolyMethylMethAcrylat) also known as plexiglass. It is
a brittle but nevertheless ductile material which can be
produced with outstanding optical properties and has an
index of refraction of 1.492. The actual light tunnel, the
core, has a diameter of 0.98 mm and is surrounded by a
cladding made from fluoridated PMMA with a thickness
of 0.02 mm. The index of refraction with 1.456 is slightly
lower than that of the core to keep as much light inside the
fibre. With these data of the index of refraction of the core
and cladding the numerical aperture we calculate to 0.1
corresponding to a full angle of 12°. A second cladding or
protective coating with an outer diameter of 2.2 mm and is
used to absorb light which may leave the fibre as well as to
guard the fibre against environmental stress. The next Fig.
2.7 shows the attenuation of such a PMMA fibre.
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Fig. 2.7: Attenuation versus wavelength of PMMA fibre
The curve clearly shows two distinct minima, one at
660 nm and the other one around 520 nm whereby the
“green” area has the lowest attenuation. Whereas in the
past mainly 660 nm light emitting diodes have been used
nowadays more and more so called blue green LED’s with
an emission wavelength of 525 nm are used to take advantage of the significant lower attenuation. These LED’s
have become available very recently with optical power of
some candela. More information on this new development
will be given in the next chapter and it should be mentioned that we are going to use both a blue green and red
LED within the experimental set-up.

Within this project we are going to use light emitting
diodes (LED) as well as photodiodes. Both components
exploit the properties of semi conducting solid state material to convert electrical current directly into light and
vice versa. Nowadays nearly all electronically devices as
transistors or integrated circuits are basing on this material and it is therefore useful to dedicate a chapter to their
fundamentals. We want to know especially how light is
generated and how it is absorbed to understand the concept of the LED and the photodetector.
We start with two separate atoms and describe the change
of their energy states when they are approaching each
other. In a next step the number of atoms is increased
and the appearance of energy bands will be discussed.
The choice and combination of different semi conducting
materials finally decides upon whether a LED, photodetector or a Laser diode can be realised.

2.2.1 The energy band model
Atoms or molecules at a sufficient large distance to their
neighbours do not notice mutually their existence. They
can be considered as independent particles. Their energy
levels are not influenced by the neighbouring particles. The behaviour will be different when the atoms are
approached as it is the case within a solid body. Depending on the type of atoms and their mutual interaction the
energy states of the electrons can change in a way that they
even can abandon „their“ nucleus and move nearly freely
within the atomic structure. They are not completely free,
otherwise they could leave the atomic structure.
How the „free“ electrons behave and how they are organised will be the subject of the following considerations.
From the fundamentals of electrostatics we know that
unequal charges attract. Therefore it is easy to imagine
that an atomic structure is formed by electrostatic forces.
In the following we will call it „crystal“. However, this
model will fail latest when we try to justify the existence
of solid Argon just by freezing it sufficiently. Since there
is obviously some sort of binding within the crystal structure in spite of the fact that inert gases are neutral there
must be additional forces which are responsible for this
binding. To understand these forces we must call on quantum mechanics for help. Here we can only summarise as
follows:
If atoms are mutually approached the states of the undisturbed energy levels split into energetically different
states. The number of newly created energy states are corresponding to the number of exchangeable electrons (Fig.
2.8).
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Distance of nuclei

Fig. 2.8: Potential energy due to interaction of two
hydrogen atoms
One of the curves shows a minimum for a particular distance of the atoms. No doubt, without being forced the
atoms will approach till they have acquired the minimum
of potential energy. This is also the reason for hydrogen
to occur always as molecular hydrogen H2 under normal
conditions. The second curve does not have such a distinct
property. The curves distinguish in so far as for the binding case the spins of the electrons are anti parallel. For the
nonbinding case they are parallel. It is easy to imagine
that an increase of the number of atoms also increases the
number of exchangeable electrons and in consequence
also the number of newly generated energy levels. Finally
the number of energy levels is so high and so dense that
we can speak about an energy band.

Energy

2p
2s

1s

r0

Distance of nuclei

Fig. 2.9: Band formation by several electrons. The
most outside electrons are responsible for the equilibrium distance r0.
Here it is interesting to compare the action of the electrons
with the behaviour of ambassadors:
The electrons in the most outside shell of an atom will
learn first about the approach of an unknown atom. The
eigenfunctions will overlap in a senseful way. One electron will leave the nucleus tentatively to enter an orbit of

the approaching atom. It may execute a few rotations and
then return to its original nucleus. If everything is OK
and the spins of the other electrons have adapted appropriate orientation new visits are performed. Due to the
visits of these „curious“ electrons the nuclei can continue
their approach. This procedure goes on till the nuclei have
reached their minimum of acceptable distance. Meanwhile it can no more be distinguished which electron was
part of which nucleus. If there is a great number of nuclei
which have approached in this way there will also be a
great number of electrons which are weakly bound to the
nuclei. Still, there is one hard and fast rule for the electrons: I will only share my energy level by one electron
with opposite spin (Pauli principle). Serious physicists
may now warn to assume that there may be eventually
male and female electrons. But who knows.....
Let‘s return to incorruptible physics.
Up to now we presumed that the atom only has one electron. With regard to the semiconductors to be discussed
later this will not be the case. Discussing the properties
of solid bodies it is sufficient to consider the valence electrons that means the most outside located electrons only
as it has been done for separated atoms. The inner electrons bound closely to the nucleus participate with a rather
small probability in the exchange processes. Analogously
to the valence electrons of the atoms there is the valence
band in solid bodies. Its population by electrons defines
essentially the properties of the solid body. If the valence
band is not completely occupied it will be responsible for
the conductivity of electrons. A valence band not completely occupied is called conduction band. If it is completely occupied the next not completely occupied band
will be called conduction band.
In the following section the question is to be answered
how the density of states of a band of electrons looks like
and on which quantities it depends. After all this information will explain the emission or absorption of light photons due to electron transitions inside these bands.

2.2.2 Fermi distribution
In Fig. 2.8 we have shown that the energy bands are the
result of the mutual interaction of the atoms. Each band
has a particular width ∆E, the magnitude of which is
determined by the exchange energy and not by the number
N of the interacting atoms. Furthermore we know that the
number of energy levels within a band is determined by
the number of interacting electrons. The Pauli principle
states that such a level can only be occupied by two electrons. In this case the spins of the electrons are anti parallel. Within a band the electrons are free to move and
they have a kinetic energy. The maximum energy Emax of
an electron within a band can not pass the value ∆E since
otherwise the electron would leave the band and no longer
be a part of it.
The famous physicist Enrice Fermi calculated the theoretical energy distribution and how many electrons of energy
E ≤ Emax exist in the energy interval dE.
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E
e

E  EFermi
kT

 dE 17.
1

dynamic state and that the wave function of the whole
system is anti symmetrical.
Particles which satisfy these requirements are also called
Fermions. Correspondingly all particles which have a spin
of 1/2 are Fermions and obey the Fermi Dirac statistics.
Electrons are such particles.
Under respect of these assumptions both physicists got the
following equation for the particle density dn(E) of the
electrons within an energy interval dE:

dn/dE

dn  E  4
3/ 2
 3  2m  
dE
h

Semiconductor

dn  E  4
3/ 2
 3  2m  
dE
h

The situation in Fig. 2.10 shows that the band has not been
completely filled up since the Fermi energy is smaller than
the maximal possible energy. This means that this band
is a conduction band. If the Fermi energy would be equal
to the maximal energy we would have a valence band. A
transfer of this knowledge to the energy level scheme of
Fig. 2.9 and a selection of the 2s band would provide the
picture of Fig. 2.11.

Emax

Emax
EFermi

EFermi

e

 dE
1

The above equation is illustrated by Fig. 2.12.
As shown in Fig. 2.11 by introduction of thermal energy
the „highest“ electrons can populate the states which are
above them.
Based on these facts we are well equipped to understand
the behaviour of solid bodies. We are going to concentrate
now our special interest on the semiconductors which will
be presented in the next chapter with the help of the previously performed considerations.

dn/dE

Energy
EFermie VEmax
Fig. 2.10: Number of electrons
per unit volume
and
energy interval dE as a function of the energy E.

E
E  EFermi
kT

Energy
E Fermi E max
Fig. 2.12: Number of electrons per unit volume and
energy interval dE as a function of the energy E, but
for a temperature T > 0.

2.2.3 Semiconductors
T=0
T>0
Fig. 2.11: Distribution of free electrons over the energy
states within a conduction band

Up to this point we anticipated that the temperature of
the solid body would be 0° K. For temperatures deviating
from this temperature we still have to respect thermodynamic aspects namely additional energy because of heat
introduced from outside.
Fermi and Dirac described this situation using statistical methods. The electrons were treated as particles of a
gas: equal and indistinguishable. Furthermore it was presumed that the particles obey the exclusiveness principle
which means that any two particles can not be in the same

Before starting the description of the semiconductor with
regard to its behaviour as „light emitting and absorbing“
medium we still have to study the „holes“. States of a band
which are not occupied by electrons are called „holes“.
Whenever an electron leaves its state it creates a hole. The
electron destroys a hole whenever it occupies a new state.
The whole process can be interpreted in that way that the
hole and the electron exchange their position (Fig. 2.13).
Also the holes have their own dynamic behaviour and can
be considered as particles like the electrons. It is interesting to note that the holes do have the exact opposite properties of the electrons. Since the temporary course of the
holes‘ migration is the same as for the electron they have
also the same mass except that the mass of the hole has the
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Semiconductor

opposite sign. Furthermore its charge is positive.

el e
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before

Energy

after

E
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Fig. 2.15: Population density of the electrons

Once the existence of the holes has been accepted they
also have to have a population density. It will be introduced in the following. For this reason we complete Fig.
2.11 as shown in Fig. 2.14.

To prepare the discussion of optical transitions in semiconductors it gives a sense to modify the diagrams. Until
now the abscissa was used as energy scale for the diagrams of the state and population densities. For the presentation of optical transitions it is more practical to use the
ordinate as energy scale. To get use to it Fig. 2.15 has been
represented in the modified way in Fig. 2.17. The shown
population density refers to an energy scale for which the
lower edge of the valence band has been set arbitrarily to
zero. The represented situation refers to a semiconductor
where the distance between conduction and valence band
is in the order of magnitude of thermal energy (kT). Here
the Fermi energy lies in the forbidden zone.

E max

E max
E Fermi

E Fermi

T>0
T=0
Fig. 2.14: Distribution of the holes and the electrons
within an energy band

It is easy to understand that on one side the holes are
preferably at the upper band edge and on the other side
their population density results out of the difference of the
population density minus the population density of the
electrons. Fig. 2.15 shows the population density of the
electrons. Fig. 2.16 shows the difference and in so far the
population density of the holes. Attention has to be paid to
the fact that the abscissa represents the energy scale of the
band and not the energy of the holes.

dn/dE

Fig. 2.13: Electron and hole transition

Energy

E

max

Fig. 2.16: Population density of the holes
Because of the thermal energy some electrons have left the
valence band and created holes. For the following considerations it is sufficient to learn something about the population densities of the electrons in the conduction band
as well as about the holes in the valence band. As will be
shown later there are optical transitions from the conduction band to the valence band provided they are allowed.
Near the lower band edge of the conduction band the state
densities are admitted to be parabolic. The same is true for
the holes at the upper edge of the valence band (Fig. 2.18).
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Light Emitting Diode

The densities of states inform about the number of states
which are disposed for population and the spectral distribution reflects how the electrons and holes are distributing
over these states. Next to the band edges the spectral distribution fits to a Boltzmann distribution.

tronic circuits while ZnS is chosen as fluorescent semiconductor for TV screens. As light emitting diodes and laser
diodes so called mixed semiconductors like AlGaAs are
in use. Mixed semiconductors can be obtained whenever
within the semiconductors of valence three or five individual atoms are replaced by others of the same group of the
periodical system. The most important mixed semiconductor is aluminium gallium arsenide (AlGaAs), where a
portion of the gallium atoms has been replaced by aluminium atoms.

Holes
Electrons

Conduction Band

Energy

Al2O3 contact

P

Zn doped

N

GaAs0.6 P0.4

Holes

Valence Band

x=0.4

Electrons
N

GaAs1-xPx buffer layer
x=0

dn/dE

Fig. 2.17: Population density on the energy scale
If we succeed to populate the conduction band with electrons and to have a valence band which is not completely
occupied by electrons (Fig. 2.18) they may pass from the
conduction band to the valence band. That way a photon is
generated. By absorption of a photon the inverse process
is also possible.
spectral distribution
of electrons

Energy

CONDUCTION
BAND

generated photon

spectral
distribution
of holes

VALENCE BAND

0

population
density of
electrons

0

population
density of
holes

dn/dE

Fig. 2.18: Densities of states and spectral distributions
Attention must be drawn to the fact that, until now, we
only discussed a semiconductor consisting of one type of
atoms. Consequently the situation shown in Fig. 2.18 is, at
least for this type of direct semiconductor, only fictitious.
Light emission can only be created for very short intervals
of time and can therefore not be taken into consideration
for the realisation of a LED. By doping the basic semiconductor material we can create band structures with different properties. A very simple example may be the semiconductor diode where the basic material, germanium
or silicon, is converted into p or n conducting material
using suitable donators and acceptors. By the connection
of the doted materials a barrier (also called active zone)
is formed. It will be responsible for the properties of the
element. Silicon is mainly used for highly integrated elec-

N
GaAs substrate

Fig. 2.19: Structure of a red emitting GaAsP-LED
This type of semiconductor can only be produced by a
fall out as thin crystal layer, the so called epitaxy layer,
on host crystals. To perform this stress free it is important that the lattice structure of the host crystal coincides
fairly well with the lattices structure of AlGaAs (lattice
matching). This is the case for GaAs substrate crystals of
any concentration regarding the Al and Ga atoms within
the epitaxy layer. In that way the combination of AlGaAs
epitaxy layers and GaAs substrates offers an ideal possibility to influence the position of the band edges and the
properties of the transitions by variation of the portions of
Ga or Al. The Fig. 2.19 shows as an example the structure
of a red emitting GaAsP (Gallium Arsenide Phosphide)
LED. An extremely pure GaAs single crystal is used as
substrate. To achieve a high electron photon conversion
efficiency the active pn layer must have a uniform undisturbed lattice geometry. For best lattice matching a buffer
layer with a concentration gradient is deposited in such a
way on top of the GaAs substrate that a smooth transition
to the subsequent active layer is achieved. On top of the
n doped active layer a p doped layer is placed with Zn as
acceptor. Finally an Al2O3 layer is attached for the later
bonding of a gold wire to be contacted to the leads of the
LED housing. The light is generated inside the pn junction
and emits in all directions even into the structure itself. To
improve the amount of usable light state of the art LED’s
are equipped with an additional reflector.
As already mentioned the emission wavelength depends
on the mixtures of different materials. These are mainly
elements of the III and V valency group. The table below
gives a brief overview which material is used for the generation of different emission wavelengths of LED’s.
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Colour chip material
Red
AlInGaP
Orange
AlInGaP
Amber
AlInGaP
Yellow
GaP
Green
GaP
Blue green GaN
Turquoise
GaN
Blue
GaN

λ
(nm)
635
609
592
570
565
520
495
465

Iv
(mCd)
900
1,300
1,300
160
140
1,200
2,000
325

Remarkable for the time being is the existence of blue
emitting LED’s. They look peaceful side by side in the
table, but there has been a battle behind the blue emitting LED’s and Laserdiodes which became available very
recently. It is worthy to notice that books written before
end of 1998 claimed that the only material combination
of the II/VI valency can be used for blue emitting LED’s,
preferentially Zn Se. Indeed the largest manufacturer
gave up the research to develop blue emitting devices
based on III/V elements and invested a lot of money into
ZnSe based devices. A sponsor of a small company named
Naichi in Japan loved to gamble with money and he could
be convinced to continue research based on III/V elements like GaN or GaP although all other manufacturers
stopped their development in this. Today (1999) Naichi
claims to produce 20 million blue and blue green LED’s
per month (!), what an incredible success. As in the forgoing already mentioned the light of blue green LED has
the lowest attenuation in PMMA fibre and will therefore
be used in the experimental set-up. That is why we will
briefly focus on this new invention.
Electrons

Donors

Zn

"blue" photon

Acceptors

Photodiodes
Anode contact

p-GaN(Mg)
p-Al0.15Ga0.85N(Mg)
n-In0.06Ga0.94N(Mg,Zn)

Generated
"blue" photon

n-Al0.15Ga0.85N(Si)
Cathode contact

n-GaN(Si)

GaN Buffer Layer

Sapphire Substrate

Fig. 2.21: Layer structure of a GaN light emitting diode
The particular material property of GaN requires a different substrate like sapphire or silica carbide (SiC). Since
these are non conducting materials an extra layer for the
electrical contacting is added (n-GaN(Si)) and forms the
cathode. The generated light here also emits from within
the pn junction.

2.2.4 Photodiodes

Semiconductor pn transitions with a band gap of Eg are
suitable for the detection of optical radiation if the energy
Ep of the photons is equal or greater than the band gap. In
this case an incident photon can stimulate an electron to
pass from the valence band to the conduction band (Fig.
2.22). Here three types of events are possible:
A An electron of the valence band in the p-zone is
stimulated and enters the p-zone of the conduction band.
Because of the external electric field due to the voltage V
it will diffuse through the pn- junction area into the n-zone
and contributes to the external current passing the resistor
R L unless it recombines in the p-zone.
B If an electron of the pn- junction is hit by a photon
the generated hole will migrate into the p-zone and the
electron into the n-zone. The drift of both charges through
the pn-junction causes a current impulse. The duration of
the impulse depends on the drift speed and on the length
of the pn-zone.
C The case is similar to case A. The hole migrates due
to the presence of the external field into the p-zone or
recombines in the n-zone.
V

-

RL

+

Holes

Fig. 2.20: Energy band structure of GaN
The electrons of the upper band will slip over the slight
barrier and get trapped in a well. From here are optical
transition to the intermediate state of the Zn are allowed.
During the transition a „blue“ photon is released and the
acceptors are removing the jumped electron in a suitable
time so that the process starts again. It sounds simple but
a lot of development effort has been invested to find the
right mixture of material and production process to manufacture blue and blue green LED‘s as shown in the next
figure.

p-zone

n-zone

pn-junction

Conduction band

A
incident
photons

B
C

Eg

Band gap

Valence band

Fig. 2.22: Absorption of a photon with subsequent
transition of the stimulated electron from the valence
band to the conduction band
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Ge and Si PIN Photodiodes

Only electrons from the pn - junction (case B) or near  its
boundary (area of diffusion, case A and C) contribute to
the external current due to stimulation by photons. All
others will recombine within their area. In the utmost case
one elementary charge q can be created for each incoming photon. As already mentioned, not every photon will
create in the average a current impulse. In this context the
production rate G, leading to an average current <iPh> is
defined as follows:

i
Ud
Ub

Ub

P1
P2

At a light energy of P0 a number of

G


 P0


and the average photo current:

iPh

 q

 P0


Because of processes which are typical for semiconductors there is already a current flowing even if there are
no photons entering the detector. This current is called
„dark“ current and has four reasons:
1. diffusion current, it is created because of statistical
oscillations of the charge carriers within the diffusion area
2. regeneration or recombination current, it is generated
by random generation and annihilation of holes
3. surface currents, which are hardly avoidable since the
ideal insulator does not exist
4. avalanche currents are flows of electrons which appear
at high electric field strengths, if, for example, a high voltage is applied to the photodiode
All these effects contribute to the dark current iD in such a
way that finally the characteristic curve of the diode can
be expressed as follows:
U D

 qkT
i  is  e
 1  iPh  iD  iPh



This current i passes the load resistor R L and provokes the
voltage drop Ua, which finally represents the signal.

Fig. 2.23: Characteristic curve of a photodiode in the
photoconductive mode
A good detector for optical communication technology is
characterised by the fact that it is very fast (up to the GHz
range) and that it has a high quantum efficiency which
means that it is very sensitive. Depending on the wavelength range which has to be covered by the detector one
uses silicon or germanium semiconductor material for the
construction of the detectors.

2.2.4.1 Ge and Si PIN photodiodes
To have absorption of a photon at all, its energy has to fit
into the band structure of the material under consideration.
From the condition

E ph    h 

hc
 EG


One recognises that for large wavelengths the energy of
the photon may no more be sufficient „ to lift“ the electron
in a way that it passes the band gap. For smaller wavelengths one has to respect that the conduction band and
also the valence band have upper edges which is followed
by a band gap.
100

Ge

Si

Relative sensitivity %

photons will hit the detector as w is just the energy of
a single photon. But only that fraction of photons is converted into current pulses which is absorbed in the area of
the pn-zone. This fraction may be called ηP0 , where η is
called quantum efficiency. The number of generated current pulses or the production rate therefore will be

Ud

is

iPh = q ⋅ G
Po
w

Ua
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Fig. 2.24: Spectral sensitivity curves of Si and Ge photodiodes
Photons having energies exceeding the upper limit of the
conduction band can no more be absorbed. The wavelength
of the applied light source decides which detector material
is to be used. For wavelengths above 1 µm up to 1.5 µm
Germanium is recommended. Below these values Silicon
detectors are used. In the present experiment LED’s of 520
and 630 nm wavelength are is applied. Therefore a silicon
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detector is used. To get a high quantum efficiency not a PN
but a PIN detector has been chosen.
Photon

SiO2

Anti reflex
coating

i

RL

p

Signal

n

+

-

Fig. 2.25: Construction of a PIN detector
Contrary to a detector with a simple pn-layer this type
of detector has an intrinsic conducting layer inserted in
between the p and n layer. Therefore the name PIN diode.
The reason for this is to enlarge the pn junction area which
increases the probability of absorption of a photon and the
generation of a current impulse, e.g. the quantum efficiency. The quantum efficiency for such an arrangement
is:

η = (1− R )(1− e−α⋅d ) e

−α⋅d p

R is the Fresnel reflection of the Si or Ge surface which is
hit by the photons, α is the coefficient of absorption, d the
thickness of the intrinsic zone and dp the thickness of the
p layer. By attachment of a reflex reducing layer on the
upper side of the p layer R can get a value of less than 1%.
Since α⋅dp is anyhow <<1, the thickness of the intrinsic
layer should be chosen as large as possible. The consequence of this is that the drift time rises and the limiting
frequency of the detector is reduced. In so far a compromise between high quantum efficiency and high limiting
frequency has to be made. In this experiment a PIN Si
photo diode, type BPX61 is used.
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Experimental Set-Up

3.0 Experiments
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Fig. 3.0: Experimental set-up of EXPERIMENT 11 “Optical Plastic Fibre“

3.1 Description of the components
3.1.1 Transmitter
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Fig. 3.1: Front view of the transmitter PFT-01
The transmitter converts electrical into optical signals which
are launched into the plastic optical fibre. These signals
can either generated by a CD player, microphone or other
audio sources. The transmitter is designed as two independent channel device and is equipped accordingly with
two different light emitting diodes (LED) with one of the
newest high brightness GaN generation with an emission
wavelength of 520 nm (blue green) and a luminescence of
4000 mCd. The second LED emits a wavelength of 626
nm at a luminescence level of 6500 mcd. Both LED’s are

located inside the transmitter and coupled to a plastic fibre
with subsequent Y - coupler. That means that the light of
both LED’s are coupled into one plastic fibre and is available at the rear panel via an F-SMA fibre connector. The
operating point of the LED’s is centred to their individual
characteristic curve. The modulation depth is controlled
by the control knob “POWER” located at the front panel
of the transmitter unit. By means of a two position switch
labelled as FM/AM the kind of modulation can be either
set to amplitude (AM) or frequency modulation (FM) at a
fixed carrier frequency of 180 kHz.
For performing measurement tasks requiring a well defined
signal the transmitter is supplied in addition with an internal sinusoidal signal generator with variable frequency in
a range of 20 Hz to 2 kHz which is set by the control knob
at the front panel labelled with “FREQUENCY”. It should
be mentioned that due to stringent technical reasons the
maximum of the frequency is reached at the utmost left
position of the control knob.
Various input and output receptacles are located at the rear
panel of the transmitter unit as shown in Fig. 3.2 for the
standard connection of audio stereo sources with 3 mm
or 6 mm jacks. For each channel regular cinch outlets are
provided to monitor the injection current of the LED’s. The
outputs can be connected to an oscilloscope to monitor
the frequency and amplitude variation of the current of
the LED’s.
Finally the output section contains the combined optical
output of the two LED’s as F-SMA female connector. By
means of an plastic optical fibre with F-SMA plugs at both
sides the optical signal is fed to the optical input assembly
of the experimental set-up.
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Desciption of the Modules

3.1.3 Plastic optical fibre
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Fig. 3.4: POF coil terminated with F-SMA connectors
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Fig. 3.2: Rear panel of the transmitter PFT-01
The main power is connected via a mains cable to the integrated junction box containing the mains switch, the fuse
as well as a spare fuse (medium blow fuse 0.16 A ). The
standard settings are for 230 VAC and the overall power
consumption is 10 VA.

The experimental set-up comes with a set of 4 plastic optical
fibres (1, 10, 20 and 30 m) each terminated with F-SMA
connectors. The 1 metre long fibre is used to connect the
transmitter with the experimental set-up. To extend the
measurement posibilities instead of the 1 m connection
fibre another length of the set can also be used.

3.1.4 Fibre output coupler
Y
Fibre F-S
MA
Connector

Coupler
Plug

3.1.2 Fibre connection
The light coming from the rear panel of the transmitter
PFT-01 is connected to the fibre connection assembly to the
experimental set-up via a 1 metre long POF with F-SMA
plugs at both sides.
Fibre F-S
MA
Connector

plate

nt

X

Adjustmen

t holder

Fig. 3.5: Fibre output coupler assembly
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Mounting
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Coupler
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Fig. 3.3: Fibre connection assembly
On the left side of the Fig. 3.3 the end plug of the 1 metre
long is shown. It must be connected to the coupler plug which
is already mounted inside the click mount. After that the
click mount is inserted into the mounting plate and is kept
in position due the patented click mechanism consisting
of spring loaded balls inside the mounting plate and an
attached groove of the click mount. The fibre connection
assembly should now be placed onto the provided optical rail
and fixed by means of the lateral screw of the carrier. The
assembly serves as interface between the transmitter unit
and the provided set of plastic optical fibre with lengths of
10, 20 and 30 metre including F-SMA plugs on both ends.
One end will be connected to the coupler plug as shown
on the right of Fig. 3.3.

The other end of the to be investigated fibre is connected to
the coupler plug as shown in Fig. 3.5. For this purpose the
click mount has to be removed from the adjustment holder
which can be done due to the click mechanism without
additional tools. After that the cap is removed from the click
mount, the fibre fed through the click mount and connected
to the coupler plug. The coupler plug is held by the cap which
is screwed on again to the click mount which is subsequently
inserted into the adjustment holder. To allow the light freely
leaving the fibre and the coupler plug without any distortion
or vignetting the right side of the coupler plug has been left
open. The alignment of the mounted fibre with respect to
the wavelength separator unit will be discussed within the
frame of performing the experiments in the chapter 3.3.

3.1.5 Wavelength separator assembly
This unit serves as separator of the light leaving the optical
fibre having two different peak wavelength at 520 and 626
nm. The heart of the assembly is a so called dichroic mirror
which has the property that it reflects the “green” light and
lets the ”red” pass.
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Desciption of the Modules
0V
1V
10 V
dark current id at Ud = 10V
Photosensitivity at Ud = 5V

green

partially reflected red

73 pF
38 pF
15 pF
2 nA
70 nA/lx

3.1.6 Receiver

red

anti reflective coating

Fig. 3.6: Dichroic mirror
The front face of the plate as shown in Fig. 3.6 is coated
with a specially designed layer system to obtain the required
wavelength selection. To avoid unwanted “red” light reflected
from the back face of the plate and refracted towards the
“green” direction it is necessary to cover this side with a
high quality anti reflection coating.
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Fig. 3.8: Signal receiver, demodulator and amplifier
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The two photodetectors of the wavelength separation assembly are connected via BNC leads to the receiver where the
electrical signal of the photodiodes will be amplified and
depending on the chosen transmission mode AM or FM
further processed. With the control knobs of the front panel
labelled with “RECEIVER GAIN” the gain of the pre-amplifier can be adjusted. The switch “AM/FM” must be set to
the selected transmission mode of the transmitter

cube

Carrier

Fig. 3.7: Wavelength separation assembly

OUTPUTS

CH 2

The dichroic mirror is mounted under 45° with respect to
the vertical axis into an adjustment holder and can be tilted
by means of the adjustment screws. The assembly comes
already mounted and pre-aligned along with the necessary
tools should the occasion arise for a re-adjustment. On the
left side of Fig. 3.7 a microscope objective is shown and
serves as collimator for the light which is leaving the fibre.
The objective is already mounted to the assembly. For the
detection of the varying intensity of the separated light
two Si- PIN photodiodes are used which are built into a
housing equipped with the click mechanism. To install the
detectors they are simply clicked into their counter parts of
the assembly as shown in Fig. 3.7. As Photodiode the model
BPX61 is used which has the following characteristic values:
Quantum efficiency η at 850 nm
Rise time 10%-90%
at R L= 50Ω and Ud=10V
Capacity Cj at Ud =

90 %
1.7 ns

MEOS Gmb

H

MODEL :

PFR-01

Hartheime

r Straße 15

VOLTS:

AMPS.:

D-79427

Eschbach

SER.NO.

CH 2

LINE

CH 1

INPUTS
CH 1

:

Fig. 3.9: Rear panel of the receiver unit PFR-01
As it can be seen from Fig. 3.9 the receiver is equipped with
different in and ouputs. The photodetectors of the wavelength separation unit are connected to the BNC inputs and
the provided active speakers are connected either to the 3
mm jack or the two cinch outlets. Furthermore the cinch
connectors can also be used to connect the signals to an
oscilloscope in order to perform measurements.

3.2 Preparing the fibre
Although the set-up comes with already terminated and
polished fibres a set of tools is added to get experienced
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to prepare the fibre to be connected and subsequently to
be polished. Since the F-SMA connectors can be removed
easily from the fibre it can be left to the students at the
beginning to configure at least one fibre

Desciption of the Modules
3.2.3 Cutting

3.2.1 F-SMA Connector
fibre cable
clamp
bare fibre

2.2 mm plastic optical fibre

The stripped fibre is inser- The core stands out for a
ted into the F-SMA plug.
few mm.

1 mm Ferrule

Fig. 3.10: Cut through of an F-SMA connector with
attached POF
Before the fibre can be terminated with a connector the
protective cover has to be removed at a length of app. 15
mm. This will be done with a special tool as explained in
chapter 3.2.2. After that the fibre cable clamp is released
and the fibre inserted into the connector in such a way that
the bare fibre stands out app. 2-5 mm from the ferrule. Subsequently the stand out bare fibre will be ground down with
the provided polishing tools as explained in chapter 3.2.4.

Insert the plug into the polis- Cut core down to app. 1 mm
hing support
Fig. 3.12: Shortening of the out standing bare fibre

3.2.4 Grinding and Polishing

3.2.2 Stripping

Inser the fibre into the 1mm Slightly press the grips, the
slot of the stripping tool.
cladding will be removed
automatically. Release the
grips and remove the readily
stripped fibre from the tool.
Make sure that the bare fibre
stands out app. 12 mm apart
from the protective coating.

Readily stripped fibre
Fig. 3.11: Removing the protective plastic cover with
the provided tool

Grinding down the core follo- Final process of polishing
wing the shape of an imaginary using the fine polishing film
eight.
following the shape of an
imaginary eight.

After each grinding or polishing process the face of the
fibre should be cleaned.
Fig. 3.13: Polishing the fibre following the shape of an
eight
After cutting off the out standing bare fibre the process starts
with grinding the residual bare fibre down to the surface
of the plane of the polishing tool by using the 1000 grade
graininess grinding paper. This takes app. 10-20 seconds.
Subsequently the grinding dust should be blown away from
the fibre and the final polishing carried out with the yellow
polishing film. After 20 to 30 seconds the fibre face should
be look glossy when inspecting by eye or even better with
a magnifying glass. To avoid that scratches can be built up
one should move the polishing tool following the shape of
an imaginary eight.

Page -20Dr. Walter Luhs ● MEOS GmbH ● Dec. 1999

EXPERIMENT 11

3.3 Set-up and performance

Step 3

After preparing the fibre the suggested set-up of the modules
will be described in the following subchapter.

CHANNEL
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Step 1
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NCY

FREQUE
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MEOS

PFT-01

Fibre connection
module

Fibre output coupler

500 mm optical rail

Place the 500 mm long optical rail onto a flat desktop. The
fibre connection module is placed as shown onto the rail
and fixed in its position.

Step 2

CHANNEL
POWER
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CHANNEL
POWER

2
LINE

POWER
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MODULATION

FM

AM

FREQUE

NCY

FREQUE

NCY

MEOS
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Transmitter

Connection fibre
Fibre connection
module
500 mm optical rail

In this step the transmitter is added to the set-up. The one
metre long plastic optical fibre is connected to the fibre
output at the rear of the transmitter unit PFT-01 and to the
fibre connection module.

The fibre output coupler is place onto the optical as shown
above leaving enough space for the later to be mounted
wavelength separator. It is recommended to use first the
30m long plastic optical fibre which is connected to the fibre
connector as well as the output coupler module.
In the last step the wavelength separator unit is placed onto
the optical rail and the receiver unit PFR-01 is connected via
the BNC cable to the two photodetectors of the wavelength
separator unit.
Before starting the experiments the fibre output coupler must
be aligned with respect to the photodiodes of the wavelength
separation unit in order to get optimum signals. This can be
done in two ways. If an oscilloscope is available one channel
of it is connected to one of the outputs of the receiver unit.
For this purpose an extra BNC cable with a cinch to BNC
adaptor is provided. Leave the fibre output coupler fixed in
its position and move the wavelength separator unit towards
or back the coupler while observing the amplitude of the
signal on the oscilloscope. The optimum position has been
achieved when the signal reached a maximum. Fix the
position of the separator unit and align now the coupler by
means of the XY adjustment screws for maximum amplitude.
Now the set-up is ready either to demonstrate transfer of

Step 4
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audio signals or to perform measurements of the attenuation
of the plastic optical fibre. For the demonstration of audio
signal transfer the provided active speaker are used. The
3 mm jack is of the main speaker unit is connected to the
equivalent receptacle of the receiver to the „LINE“ output
of the receiver unit PFR-01 located on the rear panel. One
can use the internal oscillator as audio signal source, but
we recommend the use of a simple CD-ROM player with
nice music. Balancing the power of the two channel of the
transmitter, the input gain of the receiver and finally the
volume of the speaker will give you an enjoyable impression.

3.4 Measurements

To perform measurements an oscilloscope is required. An
optimum choice is a two channel model. The measurements
starts with the determination of the available optical power
at the output of the one metre long plastic optical fibre which
is normally connected to the fibre connector module. Due
to the fact that the connector plug of this module already
vignettes the optical power one must use the fibre output
coupler module to perform this measurement. For this purpose the fibre is released from the connector module and
connected to the output coupler module. The module can
be either left in their recent position or moved as shown
in the figure below. If the modules have been moved one
should make sure that both units are aligned for maximum
amplitude of the optical signal with respect to each other.
The peak values on the oscilloscope are noticed for the
green as well as for the red channel.

must remain. Just exchange the 30 m long fibre against the
20 m long fibre. Measure and notice the peak to peak values
of the signals displayed on the oscilloscope. Do the same
for the 10 m long fibre. You should now get a table with
the following values:
Fibre
Length
30
20
10

Voltage peak to peak
green
red
G30
R30
G20
R 20
G10
R10

The attenuation of Power is commonly given in dB as:

AdB  10  log

Pout
Pin

Whereby Pout is the output and Pin the input power. At this
point we should mention that although we are measuring
voltage amplitudes and using the factor 10 to determine
the attenuation AdB instead of 20 as it would be the regular
case the optical power is linear to the voltage amplitude.
If we did not determined the input power yet we can make
use of the following relation:

AdB  10  log
AdB

10 10 

Pout
Pin

Pout
Pin
 Pin 

Pout

AdB
10

10
20

 P 20
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20
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 AdB
 10  loog  out
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10
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P
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P 20
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APOF  AdB
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With the recorded values the attenuation including coupling
losses of for the “green” as well as for the “red” light can
be calculated.
Fig. 3.14: Determining the available optical input power
Once this has been done the set-up is modified to the state
as shown in step 4.

3.4.1 Attenuation of POF

For the measurement of the attenuation one of the plastic
optical fibre is inserted into the set-up. It is recommended to
start with the 30 m long one. The transmitter must switched
to the AM mode because the FM modulation especially
demodulation does not allow amplitude measurements.
Turn the “POWER” knobs of the transmitter as well as the
“GAIN” knobs of the receiver to the utmost right position.
Measure and notice the peak to peak values by means of
the oscilloscope for both the green and red channel. For the
subsequent measurement of the 20 m long fibre all settings

3.4.2 Attenuation of connector

To measure the insertion losses of a fibre coupling one measures firstly the attenuation of a 30 m long fibre. After that
the 30 m is linked directly to the transmitter instead of the
1 m link. The difference of both measurements gives the
insertion losses provided the polishing of the fibres faces
are identically. Do not forget to consider the removal of
the 1 m link.
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