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1 Introduction 
When Javan and his colleagues discovered the first laser in 
the year 1960, it was considered as an academic curiosity. 
Today it is difficult to encompass the bandwidth of the 
applications of lasers in a few words. The cutting of sev-
eral cm thick steel plates, the construction of structures 
with an accuracy in the realm of nanometer, demonstrate 
very distinctly the lasers multiple possibilities while work-
ing on materials. The property of lasers used here is the 
high radiation power, which by the focusing of the beam 
diameter to low some µm leads to extremely high intensi-
ties. Of the many, the most frequent applications of the la-
ser are not based on its radiation power, but rather on its 
focussing capability. 
 
The words that you are reading here, have been printed by 
a Laser printer. While reading these lines, you may prefer 
to hear the playback of a CD, with the realisation that here 
also the laser plays a very important role, with the focus-
sing capability of the laserdiode of the radiation being 
foremost. When one sees the numbers of lasers produced 
yearly, the figures of laserdiodes produced, far exceed the 
other numbers by a large margin. An equally large field of 
application of laserdiodes is in the News Media technique 
where the transmitted information consisting of modulated 
laser light is transported thousands of kilometres by the 
use of optical fibres. It should be kept in mind that as soon 
as an improved laser is developed in the production of la-
ser diodes, it enters the cycle of further refinements. 
 
Another not so common application of the laser is found 
in measurement techniques. These applications utilise the 
high monochromatic property of the laser, with the precise 
definition of the wavelength as a tool for the measurement 
of length. One measures an object in units from the wave-
length which are translated to a definite co-relation on the 
measuring meter. A basic type of such measuring instru-
ment is the Michelson Interferometer which utilises the in-
terference capability of coherent laser light. 
 
There exist a whole series of measurement problems 
which cannot be resolved by the above mentioned meth-
ods. Typical characteristic problems of measurement tasks 
is the comparatively large distance to the object being ex-
amined. Michelson Interferometers cannot be used in this 
case, because they are based on a more or less precise lin-
ear movement of the measuring reflectors. Above all, it is 
important that the reflector is lead from a zero point till the 
object without interruption of the laser beam. For further 
convenience, a method has been developed by which the 
transit time of a laser pulse to the object and back can be 
measured. In principle, this technique by itself is not new. 
It has been used since long for Echo Sound Measurement 
with Ultra-Sonics or in Radar technique. Whether Ultra-
Sonics or radio waves can be collimated to a low diver-
gent beam as it can be done with lasers. 
The purpose is mostly to determine the distance to a pos-
sibly sharply localised object. For example; when the dis-
tance to a church tower top or the distance to the moon has 
to be actually measured with the laser. 

Determining the speed of objects can be performed with 
the co-relation of multiple distance determinations over 
time. Unpopular applications are for example; Laserradar 
of the police to overtake fast drivers. Exactly opposite to 
the Radar system, singular and definite vehicles in a lot of 
traffic can also be selected. In this sense the word „ Laser 
radar“ is a wrong combination, because Radar stands for 
Radio-wave Detection and Ranging. Therefore the intro-
ductory description as LIDAR is better and stands for 
Light detection and ranging  
 
A further important application field of the echo meas-
urement was and is even today the Time Domain Reflec-
tometry. By this technique, an electrical impulse is sent 
through a copper wire and the returning echoes measured. 
Echoes can only originate when the pulse is reflected from 
an irregular centre or imperfection. In this way one also 
has the facility to localise the defective spots in a cable 
and effect the required repairs. The increasing world-wide 
shift of the news cable media from Copper to Glass fibres 
makes such an apparatus necessary which is now known 
as:  

OTDR 
 

(optical time domain reflectometer). Even here, the transit 
time of the light to a fault spot is measured and thus per-
mits the localisation of the interference. Both techniques 
add to the application of the LIDAR, the first one in a free 
field and the second to be carried out within a glass fibre. 
Within the framework of this experiment, both methods 
shall first be theoretically described and thereafter tested 
in the laboratory.  

1.1 Basics of LIDAR 
 
 

L

LASER

Target

 
Fig. 1: Principle of transit time measurement 

At the distance L, we find the object to be measured. The 
time ∆t that a laser pulse requires in order to return from 
the object to the laser is: 
  

L n Lt 2 2
v c

⋅∆ = ⋅ = ⋅  Eq. 1
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Where v is the speed of the laser pulse, n the refractive in-
dex of the surrounding air and c is the speed of light in a 
vacuum. The refractive index of air is mainly determined 
through its density, which on the other hand is dependent 
on air pressure, temperature and its composition. The 
common formula for the calculation of the refractive index 
of air as a function of the air pressure P (in hPa) and the 
temperature υ (in °C) originates from Edlén and has be-
come the standard for dry air: 
 

( )
( )

7
p,

6

n 1 2.8775 10 P

1 10 P 0.613 0.00997
1 0.003661

−
υ

−

− = ⋅ ⋅ ⋅

+ ⋅ ⋅ − ⋅υ
+ ⋅υ

 

 
Water content in air has an influence on the refractive in-
dex n. The relative humidity RF (in %) leads to the reduc-
tion of the refractive index and thus for standard humid 
air, it results in an additional term: 
 

( ) 9 0.057627
RFn 1 3.03 10 RF e− ⋅υ∆ − = − ⋅ ⋅ ⋅  

 
The derivation of the refractive index thus depends on the 
following parameters: 
 

6 1dn 0.93 10 K
d

− − = − ⋅  υ
 

 
6 1dn 0.27 10 hPa

dP
− − = + ⋅    

 
8 1dn 0.96 10 %

dRF
− − = − ⋅    

 
An error in estimation results from the total of the differ-
ential relationship for the determination of the distance L.  

cL t
2 n

= ⋅∆
⋅

 

the relative error: 
 

dL dn d t
L n t

∆= +  Eq. 2

 

The speed of light in a vacuum as per the definition is er-
ror free. With Eq. 2 the relative error for the determination 
of the distance with different values for air pressure, air 
temperature, the relative humidity and the precise time 
measurement can be calculated for the respective measur-
ing task. 
 
After these fundamental considerations, the construction 
according to Fig. 1 should now be improved progressively 
so as to achieve in the end a technically meaningful in-
strument. 
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b

a

 
Fig. 2: Transit time measurement with detector  

In practice, a construction according to Fig. 2 is used. 
Here one sets up the total length L as the sum of the paths 
a and b. The path a is in general a set-up constant which 
then merits consideration only if b is not very larger as a. 
The laser beam traverses through a beam splitter which al-
ters the output corresponding to the dividing proportion. A 
part of the returning laser beam hits the detector. As there 
is no ideal beam splitter, a part of the laser beam in the 
passage through the beam splitter also comes in contact 
with the detector. One therefore gets the initial starting 
impulse for time measurement. Assuming the refractive 
index of the atmosphere to be 1 and the distance to the 
target object to be 1 m, one derives the transit time of ∆t 
from: 

8

2t 6.7 nsec
3 10

∆ = =
⋅

 

 
In order to achieve a separation of the initial starting im-
pulse and the echo impulse at the detector, the laser pulse 
must be smaller than this value. Now the essential interest 
does not lie in the inclusion of smaller distances, but a lot 
more in the measurement of larger distances within the re-
gion of some kilometre. This however, demands a laser 
beam, which can also remain almost parallel over these 
large distances. Typical data for the divergence (He Ne 
Laser) are for e.g. 1 mrad. This value means that the di-
ameter of the laser beam enlarges itself to approx. 2mm 
per meter of distance. The initial diameter of 1 mm results 
in the diameter of approx. 200 mm over a distance of 100 
m. 
 
1.1.1 Gaussian Beams 
 
In reality, there are no actual parallel light bundles and 
even wave fronts also exist only at a particular points. The 
main reason for the failure of the geometrical optics lies in 
the fact that they were established at a time when one still 
did not know that light is an electromagnetic wave and 
that its behaviour can be described using the Maxwell 
equation. For this we use here the known wave equation. : 
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2 2

2 2

n EE 0
c t

∂∆ − ⋅ =
∂

 

Without restrictions light would spread itself in all direc-
tions in space as a spherical wave. 

E E(r)= with 2 2 2 2r x y z= + +  

If, however we are interested in the technically important 
case of the spherical wave spreading in direction z in a 
small solid angle then the solution is an equation for the 
electrical field.  

E E(r, z)= with 2 2 2 2r x y z= + +  

The solution to the wave equation is found in fields which 
show a Gaussian shaped intensity distribution over the ra-
diation cross-section and are therefore called Gaussian 
beams. Similar to the solution for the fibre, Gaussian 
beams exist according to the particular boundary condi-
tions in different modes. 
 
Such beams, especially the Gaussian fundamental mode 
(TEM00) are preferably produced by lasers. However, the 
light coming from any light source can be seen as a super-
imposition of many such Gaussian modes. But the inten-
sity of a pure mode is very small compared to the total in-
tensity of a light source. The situation with the laser is dif-
ferent, where the total light intensity can be produced in 
the basic mode alone. This, as well as the monochromatic 
nature of the laser radiation, is the main difference com-
pared to the conventional light sources. 
 
A Gaussian beam always has a beam waist. The beam ra-
dius w is derived from the solution of the wave equation 
as: 
 

( )
2

0
R

zw z w 1
z

 
= ⋅ +   

 

w0 is the smallest beam radius of the beam waist and zr 
represents the Rayleigh length. 

2
R 0z w π=

λ
 

Fig. 3 shows the passage of the beam diameter which is 
dependent on the wave length z . The beam spreads itself 
in the z-direction. At the point where z = z

0
 the beam has 

the smallest radius. 
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Fig. 3: Beam diameter of a Gaussian beam of TEM00 
mode versus location z. 

As the interval increases, the beam radius increases line-
arly. Since Gaussian beams are spherical waves, there is a 
radius of curvature of the wave front for every point z. 
The radius of the curvature R can be calculated with the 
following equation: 

( )
2
rzR z z

z
= +  

This inter-relation is again given in the Fig. 4, where z = 
zr (the radius of the curvature has a minimum value) and 
R increases by 1/z compared to z = 0. With z=0 the radius 
of curvature is infinite. The wave front is even at this junc-
ture. The radius increases again linearly above the 
Rayleigh length zr. This statement is of fundamental im-
portance. It states that a parallel beam can only exist at one 
point of a light wave and that too at its focal point. 
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Fig. 4: Course of radius of curvature of the wave front 
as a function of the distance from the beam waist with 
z=0 
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In the region for  

r rz z z− ≤ ≤  
 
a beam can be seen as approximately parallel or also as 
collinear. In the Fig. 5 the Rayleigh region is shown as 
well as the divergence Θ in the far field region, i.e. z>>z0 .  
 
The graphical representations suggest that one of the sig-
nificant properties of laser beams, i.e. their lack of diver-
gence, cannot be depicted in this way. 
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Fig. 5: Rayleigh region zR and Divergence Θ in the far 
field region, z>>z0 

This is because the relationship of the beam diameter to z 
in the graph has not been normalised. If we assume as an 
example a HeNe-Laser (632 nm) with a beam radius of 
wo=1mm at the exit of the laser, we get the value for the 
Rayleigh range 2 zr : 
 

2 6
R 0 9

3.142 z 2w 2 10 9,9 m
623 10

−
−

π⋅ = = ⋅ =
λ ⋅

 

 
For our application usage, we are interested in the diverg-
ing angle Θ, which is determined from Fig. 5 as: 

0

r

wtan
z

Θ =  

Hereby we are using the approximation that in the 
Rayleigh range the laser beam with radius w0 can be con-
sidered as parallel. If we additionally use:  

2
R 0z w π=

λ
 

so we finally get: 
 

0

tan
w
λΘ =

π⋅
 Eq. 3

 

1.1.2 Beam expansion 
The Eq. 3 clearly shows how one can effect the divergence 
of a Gaussian and a laser beam respectively. The smaller 
the wavelength λ, the smaller is the divergence. This pa-
rameter is however limited by the service quality of the la-
ser. However, the variation of the beam radius anyhow en-
ables a change in the divergence. In order to increase the 
beam diameter, one uses the expansion system which is 
shown in Fig. 6. 
 

f2f1

A

B

 
Fig. 6: Astronomical (A) and Gallilei telescope (B) 

In the case of (A) two lenses with positive focal lengths 
are used. This arrangement from the astronomical tele-
scope is shown here. In the second case (B) as a leading 
lens, one with a negative focal length is used. In both 
cases, the initial beam diameter d is enlarged to the final 
diameter D. 

2

1

fD d
f

= ⋅  

The advantage of the arrangement B is that the overall 
length is clearly smaller than it is in the case of A. In the 
astronomical arrangement (A) a focus originates between 
both the lenses. At this point one can insert a apertured 
diaphragm, whose diameter is selected such that it is the 
approximate size of the beam diameter of the Gaussian 
fundamental mode. All other modes have a larger diameter 
in focus and can therefor not pass the telescope. This dia-
phragm is a simple pinhole and is referred to as a spatial 
filter. With this type of telescopic arrangement, fitted with 
a spatial filter, one can refine a beam which is contami-
nated through dust particles on the lenses and on the exit 
window of the laser. Naturally, such a space filter also im-
proves upon the divergence. 
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Fig. 7: Assembly of an expanding system 

In the expanding system, one uses a lens combination with 
focal lengths of 20 and 60 mm. This leads to a reduction in 
the divergence around the factor 3. With the measures 
which have been shown till now, we are in a position to 
optimise the optical part of the transmitter. 
The next step is the selection of a suitable laser. The laser 
should be able to emit short light pulses in the nsec region 
with an adjustable repetition rate. The required output de-
pends on the respective application area. With this, the de-
sired distance to the target object as well as the back scat-
tering properties of the object play an important role. Now 
prior to the final selection of the laser, an immediate esti-
mation is to be made of the quantity of available light scat-
tered back from the target object. In this context, the ab-
sorption loss in the measured length as well as the sensi-
tivity of the detector should be taken into consideration. 
Indeed, the estimation of the returning scattered light from 
the target object should be first considered. Without any 
doubt, this value depends on the properties of the target 
object. However, it is possible to compare the back scat-
tering behaviour for many target surfaces with that of the 
Lambert’s radiators. Such a type of radiator emits the re-
ceived light according to the cosine distribution, so that it 
can be designated as a Cosine radiator. (Fig. 8). 
 

0 0.2 0.4 0.6 0.8 1.0

Rel. Intensität  
Fig. 8: Lambert's Cosine radiator 

The main direction of the radiation is perpendicular to the 
surface of the object. Whenever possible one must there-
fore target the object in such a way, that this direction co-
incides with the measurement axis of the range meter. In 
reality the object distance L would be very large compared 

to the aperture of the telescope. Therefore one can con-
sider the radiator as emitter of spherical waves whose in-
tensity decreases with the quadrate of the distance L and 
according to the cosine distribution. The power which fi-
nally reaches the photodetector is after all, just the power 
which enters through the area of the input lens. The exact 
formulation results in: 
 

( )0
d

P P cos d
Ω

= β ⋅ ⋅ ϑ ⋅ Ω∫ . Eq. 4 

 

In which β is an constant which characterises the reflectiv-
ity of the object. With the sufficiently large distance, the 
input lens receives almost only light from a radiator, 
which originates within the angle υ ≈ 0. Consequently, Eq. 
4 is simplified to: 

0 0
d

P P d P
Ω

= β ⋅ ⋅ Ω = β ⋅ ⋅∆Ω∫  

The angle ∆Ω is given by the solid angle of the telescope 
in which the radiation is picked up. 
 

L

∆Ω

 
Fig. 9: Solid angle of received radiation 

The radiator (target) emits radiation only in a half-sphere 
as it does not radiate from the rear. Therefore the ratio of 
the spherical segment area of the telescope to the surface 
of the half-sphere is directly proportional to the ratio be-
tween the received output and the radiated output: 
 

lens
2

0

F2 P
2 L P

⋅∆Ω = =
Ω ⋅π ⋅ β ⋅

, 

 
or 
 

2
lens

0 02 2

F rP P P
2 L L

= β ⋅ ⋅ = γ ⋅ ⋅
⋅ π ⋅

, ( )2γ = β  Eq. 5

 
The received power P decreases to the quadrate to the dis-
tance L of the target object and it increases with the in-
crease of the lens diameter r. 
However, further loss mechanisms must also be consid-
ered. In addition, there are scattering and absorption 
losses. Interfering dust or water droplet particles having 
dimensions substantially larger than the wavelength of the 
laser come into question. Under such circumstances, it is 
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not possible to carry out a reasonably accurate measure-
ment. Therefore, one can only carry out proper measure-
ments in clean air, which however do have absorption 
losses. Losses of this type can be explained and compen-
sated for by Lambert-Beer Absorption Law: 
 

2 L
0P P e−α⋅ ⋅= ⋅  Eq. 6

With this α is the absorption coefficient of the air and 2L 
is the total path of the radiation from the laser to the target 
object and back. The equation Eq. 6 is valid only when the 
laser wavelength is selected such that no resonance lines 
of gases contained in the air are excited. However, if one 
is interested in the composition of the air only for the sake 
of environmental protection an apparatus similar to the 
range meter but with a selected wavelength and known 
distance L is used. From the combination of Eq. 5 and Eq. 
6 we finally get: 

2
2 L

0 2

rP P e
L

− α= γ ⋅ ⋅ ⋅  Eq. 7

 
Eq. 7 permits us the approximate assessment of the ex-
pected power to be received. It however represents just an 
approximation as the parameters α and γ are dependent on 
other influences. Instead of relying on empirically derived 
parameters or Table values, practical attempts give swifter 
and more accurate results. 
 
This is especially true for the usage of laser diodes with 
such wavelengths for which such table values are not yet 
available. 
 
1.1.3 Triple reflector 
One does not always have the possibility in the choice and 
selection of target objects, laser wavelengths or laser out-
puts. With the work of measurement being left to the in-
stalling of optical reflectors, a lot of essential tasks would 
become easier because then nearly the total optical output 
can be reflected back. A particularly suitable such a reflec-
tor is the triple mirror which has been explained in the fol-
lowing paragraph. 
 

 
Fig. 10: Triple reflector 

One cuts the corner from a hollow quadratic cube and 
coats the inner surfaces, thus achieving in this manner the 
important optical components of a triple reflector. Every 

light beam entering under any angle the cube corner, ex-
periences three reflections and is finally reflected back in 
the same direction(Fig. 10). Between the entering and ex-
iting beams there occurs an offset which is dependent on 
the beam entry point into the triple reflector. One can 
similarly cut a corner from a cube which is completely 
made of glass.(Fig. 11). This results in reflection through 
total reflection. These types of triple reflectors are most 
frequently used. The advantage being that the reflecting 
surfaces are protected against dust and contamination. 
 

 
Fig. 11: Triple reflector made from Glass 

A laser beam from any distance impinges on the triple re-
flector and provided that the beam diameter is not larger 
than the entrance surface of the reflector, is almost com-
pletely reflected back without losses. In order to convince 
oneself about the working effect of a triple reflector, a 
glance into it from various angles always enables one to 
see only one‘s own eyes. 
 
1.1.4 Photodetector 
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. 

p gE E= ω ≥  

In this case an arriving photon can stimulate an electron to 
pass from the valence band to the conduction band. (Fig. 
12). 
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Fig. 12: Absorption of a photon with subsequent tran-
sition of the stimulated electron from the valence band 
to the conduction band 
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Here three types of events are possible: 

A An electron of the valence band in the p-zone is stimu-
lated 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 barrier layer into the n-
zone and contributes to the external current passing the 
resistor RL unless it recombines in the p-zone. 

B If an electron of the barrier layer is hit by a photon the 
hole of the barrier layer will migrate into the p-zone 
and the electron into the n-zone. The drift of both 
charges through the barrier layer causes a current im-
pulse. The duration of the impulse depends on the drift 
speed and on the length of the barrier layer. 

C The case is similar to case A. The hole migrates due to 
the presence of the external field into the p-zone or re-
combines in the n-zone. 

Only electrons which are in the barrier layer (case B) or 
near the boundary of  the barrier layer (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 men-
tioned, not every photon will create in the average a cur-
rent impulse. In this context the production rate G, leading 
to an average current <iPh> is defined as follows: 

Phi q G= ⋅  

At a light energy of P0 a number of oP
ω

photons will hit 

the detector as ω  is just the energy of one photon. But 
only that fraction of photons is converted into current 
pulses which is absorbed in the barrier layer. This fraction 
may be called 0Pη⋅ , where η is called quantum effi-
ciency. The number of generated current pulses or the pro-
duction rate will be 

0G Pη= ⋅
ω

 

and the average photo current: 

Ph 0
qi Pη⋅= ⋅
ω

 

Because of processes which are typical for semiconductors 
there is already a current flowing even if there are no pho-
tons entering the detector. This current is called  „dark“ 
current and has four reasons: 

1. diffusion current, it is created because of statistical os-
cillations 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 a way 
that finally the characteristic line of the diode can be ex-
pressed as follows: 

Dq U
kT

s Ph D Phi i e 1 i i i
⋅ 

= − − = −  
 

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

U
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Fig. 13: Characteristic line of a photodiode in the 
photo conductive mode 

d
q U akT

s Ph
L

U
i i e 1 i

R
⋅ 

= − − =  
 

A good detector of 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 wave-
length range which has to be covered by the detector one 
uses silicon or germanium semiconductor material for the 
construction of the detectors. 
 
1.1.5 Germanium and silicon PIN-diodes 
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Fig. 14: Relative sensitivity for Si and Ge photodetec-
tor 

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 

ph G
hcE h E= ω = ν = ≥
λ

 

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. Photon energies which pass the upper limit of 
the conduction band can no more be absorbed. The wave-
length 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. Underneath these 
values Silicon detectors are used. In the present experi-
ment a laser diode of 810 nm wavelength is applied. 
Therefore a silicon detector is used. To get a high quantum 
efficiency not a PN but a PIN detector has been chosen. 
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Fig. 15: 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 be-
tween the p-and n-layer. Therefore the name PIN-diode. 
The reason for this is to enlarge the barrier layer which in-
creases the probability of absorption of a photon and the 
generation of a current impulse, e.g. the quantum effi-
ciency. The quantum efficiency for such an arrangement 
is: 

( )( ) pdd1 R 1 e e−α−αη = − −  

R is the Fresnel reflection at 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 αdp is anyhow <<1, the thickness of the intrinsic 
layer should be chosen as large as possible. The conse-
quence of this is that the drift time rises and the limiting 
frequency of the detector is reduced. In so far a compro-
mise between high quantum efficiency and high limiting 
frequency has to be made. In this experiment a PIN-Si-
photo diode, type BPX61 is used. It has the following 
characteristic values: 

 
Quantum efficiency η at 850 nm 90 % 
Rising time r L j2.2 R Cτ = ⋅  

10%-90% at RL= 50Ω and Ud=10V 

1.7 ns 

Capacity Cj at Ud =  
0 V 73 pF 
1 V 38 pF 
10 V 15 pF 
dark current id at Ud = 10V 2 nA 
Photosensitivity at Ud = 5V 70 nA/lx 
 
We have now gathered all the necessary facts in order to 
understand the functioning of laser distance measurement 
devices. The experimental description follows after under-
standing the basics of OTDR. 
 

1.2 Basics of OTDR 
Any new foundations to elaborate on the working of the 
Optical Time Domain Reflectometer are really not re-
quired. The essential difference from the range finder is 
that instead of air, we use here glass fibre. 
The measurement task is to identify and localise imperfec-
tions in the fibre. They can be, as an example in extreme 
cases, due to fibre cracks, defective fibre connector or in-
admissible fibre bending. The OTDR not only permits us 
to detect back reflections but is also able to measure 
transmission losses of the fibre. This is due to the fact that 
the production of optical fibres is not a perfect process. 
Micro-structures which are more or less distributed homo-
geneously, exist in every fibre and are a result of the 
manufacturing process. This is understandable when one 
is aware that glass fibres are drawn out of glass cylinders 
and therefore cannot be cooled down slowly as is the case 
in the manufacture of optical glass. In the case of the fibre, 
light which impinges on these micro-structures disperses 
in a manner such that the scattered light reaches back to 
the entrance of the fibre.  
 

Z

Z1
Z2

Fibre Core

Fibre cladding

 
Fig.16: Scattering centres in the fibre core 

The above figure represents the situation in a simple man-
ner. As the light wave hits on a scattering centre, the form 
and the dispersion of the scattered light depends on the ra-
tio between the wavelength of the light and the size of the 
scattering centre. Because the wavelength is smaller in 
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comparison to the scattering centre, one refers to it Mie-
Scattering, in case however the wavelength is extremely 
small it is represented as Rayleigh-Scattering. 
In such a case of appropriate ratio in a glass fibre, the re-
sults are represented in Fig. 17. 
 

Dipolachse
Primäre Lichtwelle

 
Fig. 17: Rayleigh-Scattering 

The scattering centre whose diameter d <<λ, is considered 
a Hertz’s dipole. Due to the impact of the electrical field 
(primary light wave) the dipole starts to oscillate which 
again is radiated from the dipole. With this, the direction 
of the beam is towards the dipole axis and results in a 
sin2υ distribution, where υ is the angle with respect to the 
dipole axis. The primary radiation has its maximum value 
for υ= ± 90°. The produced secondary radiation has the 
same wavelength as the primary wavelength, however in 
different directions. Consequently, such type of a scatter-
ing centre of the primary wave energy is extracted and re-
sults in the attenuation of the primary field. The main rea-
sons for the formation of a scattering centre are varied. 
The scattered radiation which comes into being through 
the interaction of atoms and molecules respectively is un-
avoidable. In glass fibres more aspects are noticed because 
glass is a amorphous body which shows the remains of the 
crystal structure in a very limited zone. The structure 
which surrounds the centre is a disordered/ random struc-
ture. The crystal irregularities are small in comparison to 
the wavelength and therefore exhibiting the Rayleigh scat-
tering behaviour. The refractive index of the irregularities 
differentiate themselves from the medium refractive index 
of the surrounded random structure, because of which the 
light from these zones is scattered. Depending on whether 
in the glass used, still further addition which are never 
homogeneous and completely solved, it comes to further 
variations of the refractive index, which represents again 
scattering centres: 
 
The attenuation which a light wave experiences because of 
its scattering can be formulated like an absorption: 
 

R z
0I(z) I e−α ⋅= ⋅  

 
Whereby the attenuation coefficient αR is given as: 
 

( )
3 2

2 2 3
C4

4 n n d
3
πα = ⋅ − ⋅
⋅ λ

 

 
Thereby is  

( )2
2 2n n−  

 

the mean variation square of the difference of the refrac-
tive index of the fibre to that of the irregularities. The term 
d3

C describes the volume of such type of irregularities. An 
interesting aspect is the dependency of the attenuation of 
the fourth power of wave length. For the practical estima-
tion of the attenuation in dB, one uses the equation: 
 

( ) [ ]1 m 4 4

1 10,63 dB / kmµα λ = α ⋅ ≈ ⋅
λ λ

 

With that, the attenuation of the pure silica glass by the 
wave length of 1 µm is α1µ. The numerical value of the 
wave length must be given in µm. With a wavelength of 
810 nm for example, one expects an attenuation of 1.46 
dB/km. 
 
The attenuation through absorption, and therefore through 
the excitation of electrons takes place with glasses only in 
the UV wavelength area and by wavelengths from 2µm 
through the absorption of IR molecules in the glass. This 
kind of attenuation in comparison to attenuation through 
scattering can be neglected here.  
 
The undesirable yet unavoidable occurrence of the scatter-
ing in the fibres is therefore essentially responsible for the 
attenuation in fibres. However, it must be ensured in the 
production process that unavoidable scattering remains at 
the lower limit. But even in practical installation, the at-
tenuation can be negatively influenced because of outside 
influences. Therefore, a reliable method is required to be 
able to monitor the attenuation during the finishing proc-
ess as well as for existing glass fibre networks. Here one 
utilises the scattered light itself which anyway is damp-
ened. Due to the fact that the radiating feature of the scat-
tered light also reaches back at the entrance, one can de-
tect it there and observe its intensity course with respect to 
the start of a light pulse. The transitory change of the scat-
tered light gives then the information over the attenuation 
of the fibre. For understanding this we go back once again 
to Fig.16. 
 
The light which is scattered at the point z2 has a longer 
travel path to the fibre entrance as that one which has 
arisen at point z1. Due to the loss in the fibres, the scattered 
light from position z2 is weakened more than the one from 
the position z1. Due to this it reaches the detector later due 
to the different transit time. One sends only a pulse with 
time duration tP in the Fibre. In this manner one gets an 
answer as shown in Fig. 18. 
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Fig. 18 Transitory result of the scattered light from the 
fibres. 

One scales the output of the back scattered light logarith-
mically. In this way a straight line comes up comprising of 
the attenuation. In practice this does not result in a 
smoothened curve like in Fig. 18. However, with linear 
regression, meaningful values can be achieved. 
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Fig. 19 Example 

The above example depicts such a type of logarithmically 
representation. Near to the attenuation losses, one ob-
serves a series of other effects. One of them is the local 
loss and the other are reflections at irregularities. 
 
So far for the motivation of the measuring task. How the 
light comes into the fibres and is transported has been 
elaborated in the next paragraph. 
 
There is hardly any book in optics which does not contain 
the experiment of Colladan (1861) on total reflection of 
light. Most of us may have enjoyed it during the basic 
physics course. 
 

 
 

Fig. 20: Colladan’s (1861) experiment for the demon-
stration 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 illumi-
nated 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. The difference of this light con-
ductor to modern fibres is the dimension which for a fibre 
is in the order of magnitude of the wavelength of light. If 
we designate the diameter of a light guide with d we can 
state: 

„Fontaines lumineuses“ d >> λ 
Multimode fibres d > λ 
Monomode fibres d ≈ λ 
For the fibres manufactured these days this leads to further 
effects which can not be described exclusively by total re-
flection. Their understanding is of special importance for 
optical communication technology. In the following we 
will deduce these effects based on Maxwell’s equations. 
For the work in fibre optics it is not compulsory to know 
this formalism. It is sufficient to familiarise oneself with 
the results. 

1.2.1 Fibres as light wave conductors 
Glass fibres as wave conductors have a circular cross sec-
tion. They consist of a core of refractive index nk. The core 
is surrounded by a glass cladding of refractive index nm 
slightly lower than nk. 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 Θe under which the beam enters the fibre. Unin-
tended but not always avoidable radiation and cladding 
waves are generated in this way. For reasons of mechani-
cal protection and absorption of the radiation waves the fi-
bre is surrounded by a protective layer. 
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Fig. 21: Step index fibre 

Fig. 21 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 Θc for total reflection at the boundary be-
tween cladding and core. 

m
c

k

ncos( )
n

Θ =  ( 1.2.1 )

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

ec k

c 0

sin( ) n
sin( ) n

Θ
=

Θ
 

and receive: 

k
ec c

0

narcsin( sin )
n

Θ = ⋅ Θ . 

Using equation ( 3.3.1 ) and with no = 1 for air we finally 
get: 

2 2
ec k marcsin( n n )Θ = −  

The limiting angle Θec 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: 

2 2
ec k mA sin n n= Θ = −  ( 1.2.2 )

Depending under which angle the beams enter the cylin-
drical core through the cone they propagate screw like or 
helix like. This becomes evident if we project the beam 
displacements onto the XY-plane of the fibre. The direc-
tion along the fibre is considered as the direction of the z-
axis. A periodical pattern is recognised. It can be inter-
preted as standing waves in the XY-plane. 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 we are now going 
to solve the Maxwell equations under respect of the fibre 
boundary conditions. 

A

B
 

Fig. 22: Helix (A) and Meridian rays (B) 
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Fig. 23: Solution of Bessel-function for p=0 

Fig. 6 presents the solution for p=0. Because of the φ de-
pendence the rotational symmetry is lifted for solutions 
with p≠0. Already now we see how the electric field will 
establish within the core. It also gets clear that the radius a 
of the fibre will be decisive for the order p of the modes. 
In the radial direction of the fibre we observe a main 
maximum at r = 0 and further aside maxima or minima 
which are also called nodes. The number of nodes, which 
will later be characterised by the counter index q, is de-
termined by the diameter of the fibre as well as by the so-
lution of the wave equation within the cladding. After hav-
ing chosen a suitable cylindrical function for the solution 
within the cladding, it has to be ensured that it matches the 
continuity conditions for the electric and magnetic field at 
the boundary between core and cladding. This leads to the 
complete solution. For the final solution of the problem 
one uses modified Hankle functions and the approxima-
tion of weakly guiding fibres. Still, because of technical 
reasons it is not possible to choose the refractive index of 
the core much larger than the refractive index of the clad-
ding. Since core and cladding are in close contact glasses 
of similar temperature coefficient can only be used. The 
consequence of this is the small difference in refractive 
index. For ordinary fibres it is 
 

3k m

k

n n 2 10
n

−− ≈ ⋅ , 

where the refractive index nk of the core is equal to 1.465. 
One important result of the calculations gives the dimen-
sioning rule for optical fibres: 

2 2
k m

21.5 r n n 2.405π< ⋅ ⋅ − ≤
λ

 

For a given wavelength λ and index of refraction of the 
core and cladding one can calculate the necessary radius 
of the core in order to efficiently transport monomode 
light via the fibre. 
If we are using as for example the light of an HeNe-Laser 
at a wavelength of 633 nm we obtain as upper limit for the 
core radius: 
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( ) ( )

9

2 2

633 10r 2.405 2.6 m
2 1.465 1.462

−⋅< ⋅ = µ
π −

 

 
According to this the diameter of the fibre core should be 
less than 5.2 µm in order to transport monomode light. 
Within the frame of this project we are not interested in 
signal transmission rather than in testing fibres. But for 
this purpose we have to know how to couple the light of 
the used laser diode efficiently to the to be tested fibre. 

1.2.2 Coupling of light to fibre 
We are facing the problem to couple a beam of light to a 
fibre, respectively to introduce it into a fibre, the diameter 
of which is in the order of magnitude of 4-10 µm and in so 
far comparable to the wavelength of light. To get a suffi-
cient high excitation of the fundamental mode of the fibre, 
the beam of the light source has to be focused to a diame-
ter of this order of magnitude. Under these circumstances 
the laws of geometrical optics fail because they anticipate 
parallel light beams or plane light waves which in reality 
exist only in approximation. 
 
To get a maximum of power into the fibre a coupling optic 
of focal distance f is required assuring the coupling of a 
Gaussian beam into a weak guiding step index fibre in the 
LP01 fundamental mode. 
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Fig. 24: For the calculation of the coupling optic 

Radius at the waist  
0

2 2 2
0

w f
w

w z
⋅ ⋅θ ⋅

=
+ θ ⋅

 

 
Location of the beam waist 2

2
2 0

z fy
wz

⋅=
 +   θ

 

 
Example: The beam of a HeNe laser of 0.5 mm diameter 
and of 1.5 mrad divergence is to focus by means of a lens. 
The focal distance is 50 mm and the lens is at a distance of 
2 m from the laser. We find: 
 

( )

3 3

26 6

0,5 10 0,05 1,5 10w 12,6 m
0,25 10 2,25 10 2 0,05

− −

− −

⋅ ⋅ ⋅ ⋅= = µ
⋅ + ⋅ ⋅ −

 

( )

( )

6

2
2

2 0,05 2,5 10
y 1,25 m

0,52 0,05
1,5

−− ⋅ ⋅
= = µ

 − +   

 

For this example the position y of the waist coincides with 
the focus in good approximation and the radius of the 
waist is here 12.6 µm. To get the fibre under consideration 
adapted in an optimal way the focal distance f has to be 
chosen in a way that the radius of the beam is equal to the 
radius of the core. When laser diodes are used the prepara-
tion of the beam becomes more complicated. 
 
After having dealt with Glass fibres as well as the intro-
duction of light sources, we turn to the construction of the 
OTDR. 
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Fig. 25: Set-up of an OTDR 

The radiation of the laser diodes is collimated and passes a 
polarised beam splitter. As the laser light is well polarised, 
it reaches the coupling optics with low losses. There it is 
launched into the Fibres.  
 
One still cannot achieve to launch the complete light into 
the fibre. Unavoidable back reflections arise through Fres-
nel-Reflections. Also one fails to achieve a perfect match 
of the beam diameter to the fibre core diameter. Due to 
this reasons a relative amount of back reflection of the la-
ser light arises on the entrance surface of the Fibre which 
is directed back to the polarised beam splitter. Depending 
on the polarisation of the light which has been reflected 
back, a part reaches the detector and another the laser di-
ode. The light which falls onto the photodetector is used as 
a initial signal for measurement. 
 
As elaborated, a part of the reflected and scattered light 
from inside the fibre leaves the fibre entrance due to dis-
turbances. This light has mainly has another polarisation 
state than the incoming. The reason for this can be found 
in the interpretation of the Rayleigh-scattering and polari-
sation through reflection.(Fresnel equations) 
 

1.3 Selection of a suitable laser 
For both types of measurements, LIDAR and OTDR, dif-
ferent requirements are addressed to the laser light source. 
However, we also have common characteristics. The 
wavelength of the laser should be close to the maximum 
sensitivity so that reasonably fast photodetector can be 
used. This is well accomplished with 810 nm laser diode 
in connection with Si PIN photodiodes. 
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Laserdiodes with this wavelength are available in large 
numbers with differently varying outputs. In addition, they 
should be able to emit short pulses. One can differentiate 
between two types of laser diodes, ones that are only for 
pulsed operation and the others that can work in a con-
tinuos as well as in the pulse mode.  
Laser diodes which work only in the pulsed mode posses a 
very high maximum output up to a few 100 Watts. Their 
wavelength is close to 900 nm. This enables their use in 
the measurement of large distances without requiring a 
Triple reflector. As the emission profile does not corre-
spond to the Gaussian fundamental mode, good diver-
gence values are not obtained. Continuously working laser 
diodes can in general work very well in pulsed operation. 
In addition, the injection current can be modulated. Even 
though the output power is not as high as in the pulsed la-
ser diodes, these laser diodes are available with TEM00 .  
 
Furthermore, they also permit a full control over the duty 
cycle. This is limited to approximately 1-5% in the case of 
Pulsed diodes.. 
 
This enables the laser pulse signals given out to be definite 
and thus provide improvement in the reduction of interfer-
ence in the measuring method.  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




