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Summary

In the qualification of optical fibres Optical Time-Domain Reflectometers (OTDRs) are
widespread used for the determination of several important fibre parameters. With the
enforcement of uniformity specifications on fibres in the near future, Plasma Optical Fibre
(P.O.F.) and other fibre-manufacturers are submitted to the high non-linearity of the power
scale of OTDR instruments. In order to ensure low fibre waste from non-uniformity
determination and perform accurate non-uniformity measurements the performance of
OTDR systems must be upgraded. The performance can be determined by the execution of
an OTDR calibration. Non-linear behaviour is corrected by the developed linearisation
algorithm, which is based on Fourier Transform.

The distance calibration comprises the determination of the linear relation between OTDR
and reference location. In contrast, the power scale is non-linear due to the influence of
the receiving part. Therefore, in loss calibration the local slopes of the non-linear power
response are being determined. From all the methods specified by the international
standardisation body, the IEC, the external source method is chosen to be the most
optimum method for calibration. Not only flexibility, accuracy and the possible automa
tion, but also the ability to scan the complete distance and power scale are favouring this
method. At the measurement laboratory of P.O.F. this setup is made experimentally
operative.

The power reduction method is a very powerful tooI in the diagnosis of non-linearity in
OTDR instruments. By the measurement of two mutual attenuated fibre traces the non
linearity is detected by the part of the expanded traces which is shifted. Practical measure
ments with this setup are made with the Anritsu MW91OC. Results from production
simulations showed unexpected non-linearity arising from SkIn sections separated in
distance. Also the non-linearity from the power response was detected by the predefined
shifting. Worst case deteriorations from the OTDR on Non-uniformity are 0.030 dBIkm
and for Curvature 0.031 dBIkm. Fibre specifications are therefore easily exceeded by the
non-linear behaviour of the OTDR.

The development of the linearisation correction algorithm is based on two mutually
attenuated expanded traces. The non-uniformity function is obtained by applying a
correction filter by means of Fourier Transform. With this function the OTDR traces are
corrected and showed non-linear influence below specification level. Considering future
specifications, it is recommended to calibrate and linearise all the OTDRs in production to
ensure reduced fibre waste from OTDR non-linearity.
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Chapter 1

Introduction

Since the development of the first Optical Time-Domain Reflectometer, OTDR, by
Barnoski and lensen in 1976, this measurement instrument has become a very valuable
tooI in the characterization and qualification of optical fibres. Nowadays, there is a
worldwide acceptance of this measurement device by fibre and cable manufacturers and in
the field of installation. A very important property is its' ability to acquire various
parameters on an arbitrary distance segment of the complete length of an optical fibre.
Also the easy and fast measurement with OTDR contribute to its' recognition.

Typical parameters which are measured with OTDR are fibre length and the mean optical
attenuation coefficient. Furthermore, the control of fibre joints and connectors can be per
formed. Moreover, the OTDR is being used in locating defects and faults in fibres. This
property is very useful in the fibre production industry in order to detect strong irregular
ities and therefore being able to cut out these fibre sections. Fibre-manufacturers, as
Plasma Optical Fibre, also apply OTDR measurements in the characterisation of the fibre
on its' longitudinal uniformity. It is important that the fibre exhibits a very small non
uniformity in order to guarantee a constant behaviour of optical and physical fibre
parameters along the whole length of the fibre. Only then, the local attenuation coefficient,
for example, doesn't exceed the agreed limits or specifications.

In the near future specifications on uniformity will come into force. Especially the
determination of this uniformity is submitted to strong restrictions due to specific
performance characteristics of OTDR instruments. The OTDR system is based on the
measurement of scattered optical power from the fibre core. The re1ation between this
backscattered power and the power indicated by the OTDR is not fully linear. Due to this
non-linear behaviour variations in loss from fibre segments are measured but actually not
present in the fibre. Therefore, the determined non-uniformity deviates from the real non
uniformity. Accordingly, fibres which meet the non-uniformity specifications, could be
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Chapter 1 Introduction

disapproved and also the other way around, fibres which do not meet the demands could
become approved of.

This problem is illustrated by a simple calculation. Typical specifications on non-linearity
by OTDR manufacturers are ±0.05 dB/dB. This implies, when a real attenuation
coefficient of 0.34 dBlkm holds, the OTDR attenuation can deviate from this value by
±0.02 dBlkm. Future non-uniformity specifications will lead to conditions in which the
single-mode fibre must meet a maximum non-uniformity of ±0.02 dBlkm. With the illus
trated OTDR influence we see, that the performance of the OTDR system is not high
enough in order to acquire an accurate qualification of the fibre.

OTDR manufacturers must be aware of the need for more linear instruments by fibre
manufacturers. As long as these instruments are not available the users have to deal with
this problem. In this report methods are examined for the determination of OTDR
performance, from measurement on single-mode fibres, by means of calibration. Also the
non-linear behaviour of an OTDR system is analyzed in practice and in theory. It will be
c1ear, that the non-linearity must be corrected in order for being able to perform a fair
qualification of non-uniformity on fibres and to ensure low waste of optical fibres. An
algorithm has been developed to upgrade the measurement with OTDR systems with the
use of Fourier Transform.

First a small survey is presented on the activities of Plasma Optical Fibre. In chapter 3 the
OTDR functionality is discussed. Also, the use of OTDRs at Plasma Optical Fibre and
typical OTDR properties are stated to get insight in the derivation of fibre parameters with
OTDR. The calibration of OTDR instruments according to the recommendations of the
IEC is considered (chapter 4). Beside the loss calibration also distance calibration is
presented for the validation of length and location measurement with OTDR. The practical
implementation of a calibration setup is discussed in chapter 5.

In chapter 6 measurements with an OTDR system are presented. From these results we see
how the non-linear behaviour is detected. Also the problems in fibre control with this
specific instrument are shown. The linearising of OTDR systems is the subject of the
chapter 7. This is performed by the deviation of the non-linearity function of an OTDR.
Furthermore, results from this algorithm are given. Conclusions and recommendations are
stated in chapter 8.
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Chapter 2
Plasma Optical Fibre

2.1 The process

In the mid '70s the exploration of producing optical glass-fibres at Philips was started.
Research on this subject was done on two distinct technologies. At Natlab, Eindhoven, one
technology based on the 'double-crucible' concept had been researched on. The drawing of
the fibre could be perforrned by supplying 'soft glass' of two different refraction-indices to
a double crucible. The inside crucible was supplied with the glass of highest refractive
index. In this way a core/cladding structure of glass surrounded by glass of lower index,
the basis of an optical fibre, could be drawn. This is shown in figure 2.1. The main
problem however was that the proces introduced a high amount of optical power loss
along the fibre. The metal crucible was generating an induced loss originating from metal
pollution in the fibre.

Cladding

Figure 2.1: Cross-section of an optical glass-fibre with refractive indices nl and n;z-
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Chapter 2 Plasma Optical Fibre

A much cleaner method of producing fibres was found in the technology called Plasma
Chemical Vapour Deposition, PCVD. Development of this process took place at Natlab,
Achen in Germany, of Philips. The basis of this process is the growing of glass-Iayers
using a plasma inside a quartz tube. A controlled gas flow of SiCI4, GeCl4 + Oz is fed into
the tube. Through RF-power a plasma is generated, resulting in a chemical reaction which
creates SiOz and GeOz. These new molecules are deposited to the inside wallof the tube.
By knowing the composition of the gas the index of refraction of the layers is perfectly
known. Again, it is possible to create a profile of glass with a cross-section as drawn in
figure 2.1. The ability to very precisely control the refractive index of the deposited layers
is also a huge advantage to the 'double-crucible' process. With PCVD it is possible to
alter the refractive index along the core section. Therefore it became possible to produce
Graded Index fibres, which were of very high interest in the early days of optical fibre
communication. At this moment two multimode fibres are in production, 50/125 Jlm and
62.5/125 J.lffi (core/cladding) and one single mode fibre, 9/125 J.lffi matched cladding
(MCSM).

The process of PCVD seemed to be a very efficient and flexible way of growing glass
layers on a substrate tube. Due to the strong deviation to other deposition techniques the
process of PCVD is patented by Philips. From a laboratory stage the PCVD process
together with other techniques, as collapsing and drawing, have been developed to a stage
where production of optical fibres could take place on a fairly large scale. The main
advantages with this technique over other processes are the relative low investments and
the possibility to build a modular production line. Furthermore, the environment taxes are
much less as a result of the relatively clean process.

2.2 The organisation

Philips Optical Fibre , P.O.F., started in 1978 a pilot plant in Eindhoven. Till the year
1990 it belonged to the HTG glass industry. Hereafter it was part of the Philips division
Communication Systems. P.O.F.s business scope was and is to produce and sell optical
fibres. With a production of about 35.000 km fibre in 1985 it raised its production to an
amount of 250.000 km fibre in 1990. At the end of 1993 P.O.F. was taken over by the
Draka Holding. Dnder its' flag the production of optical fibres became the most important
activity of P.O.F. Furthermore, the name has been changed to Plasma Optical Fibre.
Again astrong grow of the production took piace. Nowadays the production is estimated
to be about 500.000 km of glass-fibre a year.

Customers of P.O.F. are mainly cable-manufacturers, who are widespread over the world.
Another activity abroad was establishing the joint venture Y.O.F.C. in Wuhan, China, in
1988. Like Draka, Y.O.F.C. produces optical fibres and cables. In 1994 the production of
optical fibres by Y.O.F.C. has been 150.000 km.
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Section 2.2 The organisation

Genera! Manager

~retary ~----j

oQuality
Assuranee

Figure 2.2: Organisation scheme ljune 1995).

The future prospectives are very favourable. At this moment there is a very large demand
for optical fibres and it is expected that this demand will grow in the near future.
Therefore there is a strong need for raising the production capacities at P.O.F. and also at
Y.O.F.c.. The total market is estimated to be about DFL 2 milliard on a total sale of 14
million km of fibres a year. The worldwide production capacity is estimated to be roughly
30 million km a year.

The organisation of P.O.F. is illustrated in figure 2.2. Only the major departments are
shown. Quality Assurance is active on the field of regulations and ISO certification. The
development of fibres and fundamental research is executed by the Research & Develop
ment department. There is astrong directiveness to the market to keep track with the
constant changing needs. The commercial department is dealing with sales and product
management. Furthermore purchase activities and projects are carried out. The latter
mostly is concentrating on the activities performed in cooperation with Y.O.F.c. The
fabrication of optical fibres is carried out at the Production department. It is supported by
several sub-departments which are active on aspects conceming the production process
respectively the machinery or the handling of all the chemicals. Furthermore, a sub
department is dealing with logistics.

Industrialisation is the department active on the future upgrading and developments in the
production process. Automation, Installation and Mechanical Development are three sub
departments. Another sub-department of industrialisation is the Test & Measurement
department. Exploration and implementation of new measurement techniques is one of the
main activities. Furthermore supplementary measurements are carried out for the several
departments. Also the upgrading of production measurements and the qualitive control and
analysis of these measurements are two of the major tasks.

In this field the graduating work is carried out and presented in this report. The graduation
project has been executed at the Test & Measurement department.
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Chapter 3

Optical Time-Domain
Reflectometry

As already mentioned in the introduction there is a strong need for research on the
performance of Optical Time-Domain Reflectometers, OTDRs, at P.O.F.. For accurate and
reliable fibre-measurements with OTDR the influence of the OTDR in use has to be
known. Besides, the use of OTDR in qualifying optical fibres is enlarging and more
parameters will be predicted or determined with OTDR measurements. The deviation from
the desired OTDR response can be rather large, resulting in deduced optical fibre
parameters fully disturbed by the OTDRs performance. In this situation the deviated
parameters are no longer determined by the fibre, but largely dependent on the inaccuracy
of the specific OTDR device. Therefore, it is important to review the major problems with
OTDR and analyze the unsolved ones. The problems with OTDR can be understood when
frrst the general OTDR characteristics are discussed. Furthermore, the specific field of
application will be examined.

3.1 The OTDR system

The development of the OTDR in 1976 by Barnoski and Jensen [1] has been a very
valuable contribution to the field of optical measurements. Particular the manufacturers
and users of optical fibres are very much relying on OTDR measurements. The advantages
over other measurement techniques makes the OTDR one of the most important measuring
tools in qualifying fibres and optical communication links.

6



Section 3.1 The OTDR system

The main advantages are the possibility of locally scanning the fibre along the whole
length and take measurements by accessing only one end of the fibre. This can be very
valuable for installation work where often just one end of a fibre can be reached. The fITst
mentioned advantage give üTDR users the opportunity to evaluate the homogeneity of an
optieal fibre. By the measurement of (small) sections of a fibre in two directions the loss
on such a particular piece of that fibre can be determined and be compared to other losses
along that fibre. Also splices and other inhomogeneities can be detected and measured.
The cut-back measurement, for example, only can measure the attenuation of a complete
fibre. Possible inhomogeneities present in this fibre can not be located and qualified with
this technique.

The üTDR couples light into an optical fibre. The light is influenced by the phenomenon
called Rayleigh scattering. Microscopie differences in the index of refraction are causing
Rayleigh scattering in an optical fibre. Also the presence of randomly distributed concen
tration of dopant and impurities in the fibre core results in an additive scattering of light.
A part of the scattered light is coupled in backward direction and is measured by the
detection circuit of the OTDR. A typical üTDR response, or backscatter trace, is shown in
figure 3.1. The light pulse propagates in time in the fibre and decreases with the distanee
travelled through the fibre due to the loss coefficient ujib,e' With a constant loss for the
whole length the power will decrease linearly in dBs. Therefore, the backscattered light
also will decrease with increasing time and distanee. The fibre influence is displayed by a
straight line. This is a result of the exponential decrease of the inserted power and by
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Figure 3.1: Typical backscatter trace from 25km fibre at 1550nm.
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Chapter 3 Optical Time-Domain Reflectometry

displaying the y-axis in dB. The two peaks at the begin and end points are Fresnel reflec
tions induced by the glass to air transitions at the OTDR interface and by the fibre end of
the fibre under test. It is obvious that after the second Fresnel reflection at approximately
25 km (fibre end) only noise is displayed.

A basic schematic representation of an OTDR is drawn in figure 3.2. It is clear to see that
laser light can be coupled into the fibre and backscattered light is detected by a
photodiode. Crucial point here is the presence of the optical beamsplitter. This component
directs the laser light into the fibre and the backscattered light onto the detector. It is
important to keep the coupling loss as low as possible to detect areasonabIe amount of
backscattered light. For this reason the experimental taper coupIer used in the early days is
updated with several other types [2]. The amplifier is included because the backscattered
light is of very low intensity (as less as 70 dB of the radiated light). Another effect of the
small signal is the large presence of noise on the received backscatter signature. The
signal processing part deals with the noise by averaging several repeated backscattered
signals. The signal-to-noise ratio of the individual signal, SNRi' will improve according to:

SNR = SNR. 'Navr I VIV
(3.1)

where SNRavr is the SNR of the averaged signal and N is the number of averaged measure
ments. Because the noise part is uncorrelated it builds up with -..IN in stead of N for the

Fibre
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c---~ -----------1----,
I I

I I
I I
I I

I
I
I
I
I

I

I
I

Pulse Generator

Laser Diode

[ Controller

Figure 3.2: Schematic representation of an OTDR system.
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Section 3.2 Theoretical analyses

correlated signal part [3]. The pulse generator, driving the laser diode, the display and the
detection circuit are processed by the controller. It is important that the detection of the
backscattered signal is fully synchronised with the laser source, to process and display the
data in a correct way.

3.2 Theoretical analyses

Figure 3.1 presents the backscatter signature from a fibre. But how to interpret this
representation? Having stressed the way in which a fibre is analyzed with OTDR, it still is
not clear how backscattering relates to the loss along a fibre. Therefore some theoretical
considerations are being made. Various authors have been discussing the theory of
scattering in optical waveguides [1,4,5,6,7,8]. Here the most important results will be
examined.

Rayleigh scattering is originating from electric dipoles which are driven by an electro
magnetic field travelling through a medium. In a homogeneous situation there only will be
radiation in the forward direction. Due to small localized inhomogeneities of the refractive
index some dipole moments are causing a resulting radiation in all directions. These
dipoles are illustrated by the scattersources displayed in figure 3.3, representing a
longitudinal section of a glass-fibre. The radius of the core is shown not to be constant
along the fibre. In practice this variation is much smaller than presented. This scattering
process is one of the main contributors to the total loss, a(z), in a fibre. Moreover, it is
influenced by the absorption and bending of the fibre. Due to the non-uniformity of an
optical fibre these parameters are dependant on the location, z, in the fibre. Therefore the
following expression of fOfffiula (3.2) is valid.

(3.2)

The losses denoted by the characters s, a, b are the scattering resp. the absorption resp. the
bending loss. In the next expressions the forward direction will be indicated with f and the
backward direction with b. With the forward measurement light is being coupled into a
fibre, in a way as shown in figure 3.3. The power at a particular point Zo is equal to:

(3.3)

Here prO) is the power at the input face of the fibre, z=O. A part of PJzo) is scattered by
the presence of differences in the index of refraction. lust a fraction, called the backscatter
factor S(z), of all the scattered light is directed in the backward direction. Discussion of
the evaluation of S(z) has been done by several authors [7,8]. These analyses show a
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Scattersources Cladding

-;-~~~~~-===----
~~E__~_)_'_~__~~)_~~__7_\_~__~_)_(_~ ~_re-

Cladding

forward •

Figure 3.3: Scattering in an optical fibre.

strong dependency of the backscatter factor with the numerical aperture, NA, and the core
diameter, a. The smaller a the smaller the amount of scattered power will beo This power
is captured by the fibre and guided in backward direction. In figure 3.3 the decrease of the
fibre core is indicating the dependence of the backscatter factor on z.

With the use of (3.3) the backscattered power to receive at the input face, p/S(Zo) ,

generated from a location Zo, is equal to

(3.4)

where W is the width of the laser-pulse. The absolute backscattered power is not interest
ing for analysis of a fibre. Only when different points along the fibre are interpreted the
performance of a fibre can be determined. In formula (3.5) the received backscatter levels
of two separated points, Zo and Zj' on the fibre are divided.

(3.5)

In fact two properties of the fibre are inc1uded in this expression. The exponential term is
the actual power decay, or loss, of the fibre between Zo and Zj in forward and backward
direction. The other term is showing the effect of non-uniform scattering in a fibre. With a
uniform fibre this term would be equal to 1, because in this situation the backscatter factor
and the scattering would be the same for every location in a fibre. It is c1ear, that these
effects can not be separated. So with this measurement it is only possible to make a rough
estimate of the loss by neglecting the first term. The fibre normally exhibits profile non-

10



Section 3.2 Theoretical analyses

uniformities ansmg from changes in core and/or refractive index differences. When the
non-uniformity is small the estimate of the loss will not deviate much from the real loss.

In practice this is really an advantage to the users of produced fibres. Because they are
provided with fibres of very low and also already determined non-uniformities their
backscatter measurements can in general be limited to one direction of the fibre. On the
other hand fibre-manufactures must be able to characterize their fibres by measuring the
two effects just mentioned. Therefore, in stead of neglecting the non-uniformity they have
to determine this property to prevent the sale of imperfect fibres to the customers.

A solution to this problem is an additive measurement from the other fibre end, the back
ward measurement. With the aid of these two measurement results it is possible to
determine both effects of decay and imperfection separately. Just as in formula (3.3) the
amount of power to be detected at the fibre end face on Zo is given by

(3.6)

The z co-ordinate is counted in the same way as used with the measurement at the other
fibre-end face. Therefore the power in the fibre is increasing with an increasing Zo instead
of decreasing for the forward measurement. For the power, which is scattered and guided
back to the fibre-end face and originating from a point Zo' the next expression may be
derived.

(3.7)

The ratio between backscattered powers of two points on the fibre is then

(3.8)

Again the dependence of the power decay and non-uniformities is seen. The next step is
the use of both the backscatter ratios from the forward and backward measurements. First
a common characteristic of an optical fibre is interpreted.

Due to the reciprocity of a fibre the loss of a light-pulse propagating of a particular piece
is, under equal launch conditions, the same in forward and backward direction. The use of
single-mode fibres results in equal modes for the propagating pulse and scattered light.

11



Chapter 3 Optical Time-Domain Reflectometry

Therefore the forward and backward losses are considered to be equal, a(z)=ajz)=ab(z).

This is also applied for the backscatter losses, so aS(z)=aj(z)=abS(z). Another derivation
from the reciprocity is S(z)=SjZ)=Sb(Z). Multiplication and division of the formulas (3.5)
and (3.8) now give

PbbS(ZO)pt(ZO)
=

S(zo) aS(zo) (3.9)

pt(ZI )P/S(ZI) S(zt)aS(zt)

and

~m('o)l'fm(Zl)
= exp( -2iZ'a(z)dz)

(3.10)

PbbS(ZI) p/S(zo)

Expression (3.9) is showing the influence of non-uniformity and (3.10) the loss of a fibre
section from Zo to ZJ (multiplied by 2).

It is obvious that backscatter measurements from both fibre-end faces can give us a full
insight into the characteristics of an optical fibre. It is possible to examine small parts of a
fibre along its full length as weIl as the overall performance (1oss of the complete fibre).
The uniformity can perfectly be analyzed by determination of the loss and scatter-ratios of
small fibre sections. In the next section the optical parameters to be derived from the
backscatter, or OTDR, measurements at P.O.F. are discussed.

3.3 OTDR measurements at P.O.F.

In the total process of fibre control the use of OTDR is an important tooI in the qualifica
tion and analysis of several optical parameters. In the production department the OTDR
measurements are divided in three separate stages:

1. Long Length Control
2. Optical Measurement
3. Final Control

Altogether, 8 OTDR instruments, 5 single-mode and 3 multi-mode, are being used in the
determination of the backscatter parameters of a fibre.

Ad. 1: The Long Length Control is implemented directly after the drawing-process. The
fibres coming from the drawing-tower are at this point scanned for imperfect
sections. This OTDR measurement is a measurement in one direction. Therefore it

12



Section 3.3 OTDR measurements at P.O.F.

is not used to deterrnine loss and scatter parameters. The goal of this measurement
is to deterrnine the cutting-scheme for the fibre under test. This cutting-scheme is
used to devide the entire drawing length into standard delivery lengths and to cut
out possible disapproved sections of the long length fibre and is drawn up from the
data extracted from the OTDR. From this data the fibre is detected upon dips,
reflections and bounds present in the OTDR signature. Furthermore, deviations
from a curve fit of small sections of this trace are analyzed. Due to the long length
of the fibre (=100 km) it is important to use an OTDR with a large dynamic range
and a small sample spacing (see section 3.4) in order to be able to locate discon
tinuities very precise1y. Moreover, non-linear influences are not wanted. These can
cause improper results in the determination of the deviation from a fit.

Ad. 2: After the entire drawing length has been cut according to the cutting-scheme the
shortcutted sections, standard delivery lengths, are subrnitted to the Optical
Measurement. The short length OTDR measurement is part of this stage. Here the
fibre is measured in two directions in order to determine five optical parameters.
These are successively, the mean attenuation coefficient a in dBlkm, the attenu
ation difference ~a, the curvature B in dB and the uniformity parameters,
backscatter uniformity, BU, and attenuation uniformity, AU, in dBIkm. These
parameters are determined by means of the entities visualized in figure 3.4. The
two solid lines represent backscatter traces. The curvatures are highly exaggerated

- - - - - -a,otdr, b

---- a,otdr, f

-------a,
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Figure 3.4: OTDR contribution to the optical measurement.
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Chapter 3 Optical Time-Domain Reflectometry

but give an indication of the deviations between the forward and the backward
measurements. The displayed OTDR trace from the backward measurement is
reflected in the vertical and horizontal lines intersecting the centre point of the
trace. In this way the z-co-ordinate is counted from the same fibre-end in both
cases and both the traces are decreasing with increasing z.

The traces are being fit by a so called LSA-fit (Least Square Approximation). This
fit determines the overall decay per km, aotdr' of the whole trace, also called the
backscatter slope. The overall loss coefficient a is computed by the mean value
from both the backscatter slopes, aotdrJ and aotdr,b' According to expression (3.10)
this is correct. Adding the two responses (one is inverted) in dB is equal to
division in the linear state, ...j(f/g) = Y2(f+g- l

) [dB]. The factor 2 in the exponential
term of (3.10) is ornitted because an OTDR only displays the received
backscattered power divided by 2. The attenuation difference, ~a, is simply the
absolute difference between the two backscatter slopes. The curvature is the
maximum of the two maximum deviations of the separate traces to their LSA-fits.

Uniforrnity of a fibre is deterrnined by observing small sections, Di' of the fibre
under test. The uniforrnity parameters are in fact the largest deviations from the
overall fibre performance. The backscatter uniforrnity, BU, is calculated from the
differences between the local slopes, aiotdrJ and aiotdr.b' given from the LSA-fits to
Di (see figure 3.4). This method is based on the deviated expression of formula (9).
BU is the absolute maximum of the individual local slope differences. The
attenuation uniforrnity, AU, is also calculated from aiotdrJ and aiotdr,b' Only here the
mean slope values belonging to the distinct sections, Di' are computed. Again, this
is equal to applying formula (10), but now used on small parts of the fibre. Then,
AU equals the absolute maximum of the difference between a and the mean local
slopes, ai'

The calculated parameters mentioned above show the performance of a fibre,
analyzed by means of OTDR measurement. The backscatter parameters are
compared with the current fibre-specifications used at P.O.F.. Exceeding of one of
the parameters means a disapproval of the short length fibre. Because the margins
of the fibre-specs are very small, the OTDRs must be very accurate. Possible non
linearities or un-calibrated measurement results can cause waste or re-measurement
of drawn fibres.

Ad. 3: The last OTDR measurement is performed as a sort of double check. The Final
Control must ensure that no mistakes are being made in the supply of the data
with characteristic properties to the specific fibre. Moreover, a last control on
bounds is executed. The OTDR does not have to meet any severe demands.
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Section 3.4 Performance outline ofan OTDR

3.4 Performance outline of an OTDR

In the preceding section some small comments are stated to denote the demands for the
specitic measurement stages in production. Apparently, it is important to regard these
particular demands in order to perform accurate measurements. This demonstrates that the
performance of an OTDR is under influence of some significant parameters and these
must be interpreted when utilizing a specific OTDR.

An already mentioned parameter is the dynamic range of the power response. The
dynamic range determines the amount of loss and therefore the length of a fibre to which
can be measured. It is defined as the difference between the extrapolated backscatter level
at the start of the fibre and the 98 percent level of the noise. Figure 3.5 illustrates the
dynamic range. Below this noise level it is not possible to measure a fibre. Increasing the
input power will enlarge the dynamic range.

Fixed Reflection
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Figure 3.5: lnjluential parameters on the OTDR trace.

A possibility is then to widen the optical laser pulse. The disadvantage however is that it
effects the spatial resolution. This is the closest spacing between two fibre discontinuities
which can be separated by the OTDR. This resolution is equal to the displayed optical
pulse length. Furthermore, it determines the zone where loss measurement of a fibre
cannot take place.
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Chapter 3 Optical Time-Domain Reflectometry

Another influence with OTDR measuring is the effect of dead-zone. In the dead-zone no
loss measurement is possible. Figure 3.5 indicates this effect. Due to the saturation of the
photodiode [9], by the strong reflection at the OTDR connector interface and the transition
to the fibre, the trace is strongly distorted. A similar effect appears after a fixed reflection
in the fibre. Normally the dead-zone is spread over an interval of about 300 m.

The properties just mentioned are effects which can't be neglected. It is therefore
important that the optical fibre parameters are calculated from measurement results which
do not suffer from any of the effects described above. The discussion is proceeded with
OTDR properties which also are influencing the trace but can be corrected or at least
decreased on their influence. One of them is the influence of the laser wavelength.
Because the wavelength of a laser is specified in an interval of ± 15 nm, the fibres'
attenuation coefficient isn' t determined at the specified wavelengths of 1310 and 1550 nm.
By determining the effective wavelength from the spectral measurement of the lasersource
the deviation from the attenuation coefficient at 1310 resp. 1550 nm is calculated with the
use of the spectral loss of the produced fibres.

An effect which has been neglected for a long time is the dependence on polarisation
[10,11]. With a well-designed OTDR this property shouldn't be present. However, some
types OTDR exhibit some polarisation dependence characteristics in their optical path. For
instance the optical coupIer is sometimes showing some polarisation dependent influences.
Because the backscatter signal is circularly polarised [7] this property can cause a
fluctuation of the received backscattered power. By implementing a polarisation scrambler
[12] this problem can be solved.

So far, the properties reported here are mainly understood. Hence, their influences on the
computing of fibre parameters may be neglected. Neverthe1ess, it has been noticed, that
apart from these influences there are still some major difficulties. Results from the COST
217 Group [13] are showing strong deviations between fibre parameters derived from
intercompared OTDR measurements. The interlaboratory reproducibility on the attenuation
coefficient for instance is much too high. Measurements on the same fibre exhibit a
standard deviation of the intercompared measured attenuation coefficients for at least 0.02
dBlkm. Consequently, it won't be possible to verify the customers' specifications and the
requirements of fibre producers for quality control. For these specifications, or specs, are
close to 0.005 dBlkm conceming the deviation from the specified attenuation coefficient.
Moreover, a possible narrowing of the fibre-specifications will imply severe problems
because the specifications will be more stringent than the confidence level of the measure
ment results.
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Section 3.4 Performance outline of an OTDR

The poor reproducibility originates from uncalibrated and incorresponding scales. There
fore a closer look to ~hese measured scales, fibre distance and backscattered power will be
made. The deviations from the measurement results with the real values, also called
reference values, shall be examined. First the distance scale is discussed.

Distance scale

(3.11)L =

The OTDR normally calculates the location of a feature with use of the simple formula
(11). By measuring the round-trip transmit time T for a light pulse originating from the
OTDR to reach the feature and return, the location L of that feature is determined with use
of the speed of light in vacuum c and the group index N of the fibre.

cT
2N

The group index N is selected and set into the OTDR by the user. The uncertainty of N is
therefore considered to be O. Assuming c is exactly known by the OTDR then the only
possible parameter causing errors in measuring L is the transmit time T. Deviations in
determining T are due to scale errors, offsets in the timebase and errors in locating a
feature relative to that timebase [10].

More concrete we assume that scale errors originate from the relative timing error due to
the clockgenerator and the timer-counter which are found in the controller part [14].
Quantisation errors of the counter and marker placements consequent on insufficient
readout resolution (screen and quantisation) are causing errors in determination of the
location of specific features on the OTDR trace. Non-linearities in the timebase are
neglected because of the highly linear quartz stabilised clockgenerators which are mostly
used [3]. With these assumptions we can define the following linear formula (2) for the
measured location, Lotdr' depending on the reference or actual locations Lref.

L = S L + tiL +f(L )otdr L ref a ref (3.12)

Here the constant SL is called the distance scale factor. It determines the ratio, or slope,
between Lotdr and Lref. tiLa is the location offset. The expression is also illustrated in figure
3.6. tiLa is the constant offset between the measured locations, Lotdr' and the reference
locations, Lref. ldeally SL and tiLa are 1 resp. O. The function .f(LrefJ represents the distance
sampling error. This error is the difference between the reference values and the discrete
sample points. Due to the sampling intervals .f(LrefJ is shaped like a ramp waveform. AIso,
f(LrefJ is a periodic function with a period equal to the sample spacing. lts' mean is equal
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Figure 3.6: Distance scale performance ofan OTDR.

to zero. Therefore it is not influencing SL or Ma. With the possibility of determining these
parameters the errors generated by the OTDRs' distance scale can be calculated and
therefore also be corrected. This will be the subject of chapter 4.

Loss scale

The power scale, also called loss scale, is another contributor to OTDR measurement
errors. The inaccuracy and the non-linearity of the OTDRs' power response F(P) is
causing these errors. F(P) denotes the relation between the displayed backscattered power
level ps and the reference relative optical power level P. Just as in the distance scale
situation this relation would ideally be a straight line with a slope SA equal to 1. Several
influences are causing the power response F(P) to deviate from a straight line. An example
of a power response is illustrated in figure 3.7. Due to the operation at a very large range
of incident optical power the linearity is a crucial problem. Non-linearities arise from the
photo-diode, the amplifier and the NU converter in the detection circuit. Again, the resol
ution, determined by the quantisation of the NU converter and the screen display, limits
the measurement accuracy.
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Figure 3.7: orDR performance of the power response F(P).

In figure 3.7 the influence of non-linearity is quite clear to see. Moreover, the linear
representation of the response (Linear Response in figure 3.7) comprises a 10ss scale
factor SA unequal to 1. This corresponds to the error due to the scale factor SL in deterrnin
ing the distance scale error. The only difference with the distance scale is the influence of
the non-linearity function, denoted by hnJ°'dr, which is a function of P. It is obvious that
due to the non-linearity influences of several OTDR parts the power response, F(P), can
not be related to a simple linear function as is used in the distance calibration. Accord
ingly, for ps is derived

(3.13)

From figure 3.7 and expression (13) it is obvious that hnJ°'tir equals the difference between
F(P) and the linear response. An induced constant 10ss Are! now generates a measured 10ss
Ao'dr. The ratio of these two is called the localloss scale factor SA.;. hnJ°'dr is causing SA,; to
deviate from SA.
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Chapter 3 Optical Time-Domain Reflectometry

With this model it appears that in fact the 10ss scale is subjected to two distinct effects:
sealing and non-linearity. These two effects are deteriorating the repeatability of aTDR
measurements. By determining these properties the prob1em arising from the 10ss scale can
be corrected:

1. The original power response, P(F), is first being linearised to the Linear
Response by means of hntdr

•

2. The second step is the adjustment of the Linear Response, with slope SA<>1, to
the Idea1 Response with SA=1. This step converges the Linearised Response to a
calibrated reference response.

The sealing factor can be ca1cu1ated with a comparison from the measured power levels
ps with reference va1ues. A1so called calibration. However, due to the mutual deviation
from the applied reference quantities in calibration procedures the problem of sealing
cannot be solved properly. Intercompared procedures will lead to different sealing factors.
This urges the need for the application of intemationally agreed calibration procedures.
This will be the topic of the following chapter.

Non-linearity affects the reproducibility of a 10ss measurement if that measurement is
made at different power levels within the dynamic range of the instrument. Furthermore, it
brings on the measuring of non-uniformity in fibres, which are not actually present. The
effect of non-linearity can be solved by interpreting the calibration results [15,16,17,18,19]
or with additive aTDR measurements. Chapter 7 is dealing with this problem.

In type specifications the non-linearity of an aTDR normally is not presented by the non
1inearity function hntdr but given by just an overall indication, called the Non-linearity.
According to the IEC the Non-linearity is the difference between the maximum and
minimum values of the local 10ss scale factor SA, i' for a given range of power levels, in
dB/dB. Common specifications on non-linearity are ± 0.05 dB/dB for the maximum and
minimum deviation from SA' This leads to a Non-linearity of 0.1 dB/dB. With a fibre 10ss
of approximately 0.2 dBIkm at 1550 nm the deviation of 0.02 dBIkm from the mean 10ss
retrieved from the CaST intercomparison can easily be explained.

20



Chapter 4
Calibration of the OTDR

From Chapter 3 is understood that the unsolved OTDR problems for P.O.F. are calibration
problems. From this point of view in-house calibration of OTDR instruments becomes
necessary. In production specific settings of OTDRs are used. For these settings the
performance has to be analyzed. From the calibration results the OTDR scales should be
corrected. When calibration of the OTDRs is executed at an calibration institute the results
are far to general for the correction of the scales.

Moreover, fibre specifications are still getting more severe and more extensive. In the near
future uniformity specifications on fibres will be operative. These specifications and
stronger specs on curvature will cause problems to the drop out of fibres [20,21]. At this
moment the disapproval of fibres would minimal reach 10% and maximal even 40% with
the enforcement of the future specifications. It may be clear that all possible improvements
must be implemented for being able to meet the future demands. Due to OTDR specifica
tions, the OTDR instrument is a large contributor to this possibie future waste. This means
that fibre control must be upgraded by the influences of non-uniform behaviour from
OTDR apparatus. The OTDR specifications on non-linearity are much too wide when
uniformity and curvature are becoming crucial points in the process of fibre contro!. As
long as these OTDRs are used and produced it is important to be aware of the influences
mentioned in the preceding chapter. The calibration makes it possible to analyze and
correct the OTDR on its inaccurate behaviour.
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Chapter 4 Calibration of the OTDR

4.1 Introduction to calibration

At international level the Working Group 4 of IEC Technical Committee No. 86 is
preparing a document which describes the calibration of Optieal Time-Domain Reflectom
eters [18,22]. The IEC Technical Committee No. 86 is active in the field of Fibre Opties.
In this field Working Group 4 is focused on the subject of measuring. The Sub Working
Group, SWG2, is dealing with the preparation of the OTDR calibration document. At this
moment SWG2 has not completed this document. The latest draft version is dated May
1994 [22]. All the main calibration methods are stated in this version. The subject "Reflec
tion Calibration" is still under study but is of no concern for Plasma Optical Fibre.

Therefore, it is not necessary to implement all the subjects which are present in this
document. However, the methods specified in the document are qualified for accurate
calibration of OTDRs. Furthermore, the intercomparison of calibration results is only
possible when following the same guidelines. Another important issue here is that
customers will be more satisfied with the implementation of a worldwide approved
method. So it is likely to choose a method specified in the IEC document but taking in
account only the subjects concerning P.O.F.. The operation field of the OTDR, as used at
P.O.F., will than be fully calibrated according to the IEC.

The document provides procedures for calibrating single-mode Optical Time Domain
Reflectometers. It is desirabie for P.O.F. also to be able to calibrate the multi-mode
OTDRs. However, the main concern is the calibration for single-mode because the
specifications for these fibres are much more stringent than with multi-mode. Furthermore,
multi-mode OTDR measuring is more complex due to the various modes which appear in
the forward and backscattered direction [9]. It is important for accurate multi-mode
measurements that the fibres are excited with an Equilibrium Mode Distribution, EMD [4],
as in accurate cutback measurements. However, in the OTDR case it is also important to
control the mode distribution in the backscattered direction. These demands make it
difficuit to perform accurate multi-mode OTDR measurements.

Because the OTDR measures the amount of backscattered power for numerous points over
the whole distance range of the optical fibre, calibration has to be done in the power scale
and in the distance scale as well. This requires two distinct calibration procedures. Before
analyzing these procedures let us first c1arify the acceptation of the word calibration. The
IEC uses the following definition:
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Section 4.2 Distance calibration

Calibration: The set of operations which establish, under specified condi
tions, the rel~tionship between the values indicated by the measuring
instrument and the corresponding known values of that quantity.

Our values here indicated by the OTDR are on the x-axis the location along the fibre Lotdr

in meters and on the y-axis the relative backscattered power ps in dB. So calibrating the
OTDR must then relate those values to other quantities which are exactly known by value
also called reference quantities. The calibration itself takes place under specific test
conditions like the OTDR settings for example. The relation will be made by determining
the deviations between the measured values and the reference quantities and by character
izing the uncertainties of these deviations. Quantification of the deviations and the
uncertainties is based on the measurement guidelines of ISO [23]. With this information
we are able to analyze and control the performance of the OTDR. In this paragraph the
values to be calibrated and the procedures in which these are related to reference quan
tities will be discussed.

4.2 Distance calibration

In order to determine the deviations between the measured locations L otdr and the actual
locations of features L ret on a fibre the distance calibration is carried out. Our goal is to
acquire the function which specifies the difference between the displayed locations, Lotdr>

and the reference locations, L ref• This function is called the location error function, U. In
order to determine this location error function, L re!, is subtracted from formula (12):

M L is the distance scale deviation and just as SL it is an average value. M L is the average
slope of U function of LreJ' Not only f(Lret) but also noise causes the formulas (12) and
(14) to deviate from a straight line. The noise is originating from random errors in the
timebase and from faulty event locating (e.g. error in marker placement). f(Lref) and this
noise together are called the location readout uncertainty, CJLreadout' given by its standard
deviation.

By measuring L otdr for different values of Lref" M L and U o could be determined by fitting
a straight line to the data points U out of formula (14). This is visualized in figure 4.1.
These parameters, together with their stated uncertainties, CJtiSL and CJMO' and the location
readout uncertainty, CJLreadout' are the results of the distance calibration. The uncertainties
are mainly determined by the specific instruments used in calibration. These are discussed
in the succeeding section.
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Figure 4.1: Distance calibrationfrom measurement samples!!L.

With these parameters a full insight in the performance of the OTDR for determining
locations of specific features on a fibre is given. The errors of all the location measure
ment samples, M, to be measured by the OTDR, and their uncertainties can be calculated.
Formula (15) describes this advanced location error function and has been obtained by
means of formula (14) and the uncertainties mentioned above.

(4.2)

The standard deviations are multiplied by two due to the recommended confidence level of
95% [23] for M. In this function L ref may be replaced by Lotdr without introducing serious
errors (A5L«l). With the aid of this error function we are able to correct the disctance
scale of an OTDR.

In order to be able to develop a distance calibration system the various methods mentioned
in the IEC drafts [18,22] and complementary references [14,24,25,26,27,28] have been
analyzed. Here the discussion is confined to a short resumé of these methods. The
procedures recommended by the IEC for distance calibration are the Extemal Source
method, the Concatenated Fibre method and the Recirculating Delay Line method. These
methods make it possible to determine all the parameters stated above. The main differ
ence between the Extemal Source and the other methods is the way in which the reference
quantities are obtained. The first method makes use of fully controlled electro-optical
instruments. The last two mentioned uses passive components to obtain the reference
quantities.
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Section 4.2 Distance calibration

The External Souree method

The setup of the Extemal Source method is shown in figure 4.2. This method doesn't
make use of a backscatter trace from an optical fibre. Instead, it simulates this trace with
the aid of extemal sources. The time delay in a fibre is simulated by a time-delay
generator and the backscattered light by an optical source and an attenuator. The optical
cables in the setup are denoted with F and the electrical cables with E. The OTDR routes
the optical pulses via the coupier to the optical-to-electrical converter, OIE. The Delay

Attenuator
F5

OTDR

Absorber

"

F3

Coupier

Figure 4.2: The extern source setup.

E2

El ~I Delay Generator

Generator is triggered by the OIE and causes the electrical-to-optical converter, E/O, to
send the optical pulses back to the OTDR. No backscattered signal from a fibre is
measured, only the optical pulse is detected and displayed by the OTDR. Figure 4.3 shows
three OTDR traces with all different time delay settings. The pulses are delayed with
different time settings, Ti' by the Delay Generator. Because the returning signal has to be
matched with the signal power level of backscattered light the attenuator is included. The
small circles in the fibre F2 indicate a non-reflective fibre-end or absorber. Reflections
have to be reduced as much as possible because these cause unwanted optical signals to
return to the OTDR and disturbing the OTDR trace (e.g. saturation diode).

The reference module here is the Delay Generator. Therefore this instrument has to be
calibrated. The calibration setup shall also be calibrated for its insertion delay time, Tde1ay•

This is the time between a pulse transmitted from the OTDR and returning back to it, with
the delay generator set to zero delay time. Tde1ay is measured by connecting the fibre-ends
Fl and F2 (omitting the OTDR) and inserting a calibrated Time-interval Counter between
the OIE output and the output of a Pulse Generator. This Pulse Generator starts the Timer
Counter and triggers the Delay Generator to send an electrical pulse to the E/O. The pulse
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Figure 4.3: OrDR trace and calibration parameters acquired with extern source method.

is routed to the OIE which stops the Time-interval Counter. T de1ay is then approximated by
the indicated time interval.

The reference locations LreJ,i are calculated with use of the time settings Ti and T de1ay•

L = c(Ti + Tde/ay)

ref,i 2N
(4.3)

As stated before, N is the group index setting of the OTDR. When the time settings are
properly chosen (see section 4.3), a data set can be obtained for the estimated reference
locations, Lref,i' and the displayed locations, Lotdr,j, from which the distanee scale deviation,
óSL, and the location offset, liLa, can be determined. This is illustrated in figure 4.3. In
comparison with figure 3.6 the two axises are exchanged. Accordingly, the slope now
represents lISL and liLa is equal to the intercept of the fit with the x-axis. Using the
measurement samples Lref,i and Lotdr,i the set of i location errors, liLi, is acquired according:

(4.4)

As mentioned earlier, this expression is estimated by fitting the location error set and the
matching reference values to a straight line. The calculation of the uncertainties chreadout'

(JASL and (J!1W is stated in appendix A.
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The main advantage of this method is the suitability for full automated testing under
computer control. The system consists of instruments which settings are to be controlled
automatically. Also is it possible to control the OTDR and read out its measurement results
by a computer. The setup is very flexible in generating calibration results with different
OTDR systems. It is easy to adapt the calibration-procedure to an other OTDR. On the
other hand many instruments are required to execute the distance calibration. Also does the
procedure deviate from the generally applied OTDR fibre-measurements (only pulses are
measured).

The Concatenated Fibre method

Another method for calibrating the distance scale of an OTDR is the Concatenated Fibre
method. This method uses calibrated fibre lengths, Fibre A and B, calculated from the
transit times measured at the OTDR wavelength to calibrate the distance scale. Figure 4.4
displays this calibration setup. It is important that the features at the calibrated fibre ends
are to be detected by the OTDR. These features can be reflections or splices. In the figure
they are denoted by the connectors C2 and C3 and therefore causing reflective events on
the OTDR trace. Fibre A is the calibrated fibre inserted before the feature measured first.
This fibre is present in order to determine the location offset, Ma. The distance scale
deviation, !:1SL, is measured by the calibrated length of Fibre B. The fibre set is imple
mented in order to generate several measuerement samples.

Cl
OTDR

~---'b!
Ft re set

Fibre A

C2

Fibre B
C3

Figure 4.4: The concatenatedfibre setup.

The intention is to generate a similar data set as acquired with the extemal source method.
With the use of this data set the calibration can be fulfilled. Figure 4.5 indicates this
derivation. The use of the implemented fibre set will be explained in the following
paragraph. Ma is mainly determined by the data closest to the vertical axis of the data set.
For this reason Fibre A its feature has to be placed near the front end of the OTDR and
just out of the dead zone. A length of approximately I to 2 km is suggested. !:1SL is
calculated by fitting the data set to a straight line. Fibre B places the feature used as end
point on this fit. The uncertainty in determining !:1SL is reduced by placing this feature on a
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Figure 4.5: OTDR trace and calibration parameters from concatenated fibre.

a considerable large distance from the front end. Therefore Fibre B is at least 10 km long.
The reference lengths of the fibres A and B are determined by measuring the optical
transit times, TA resp. TB' The lengths LA and LB are calculated by TAclN resp. TBcIN. It is
important that the transit times are measured at the same centre wavelength as used with
the OTDR. Due to the chromatic dispersion a difference in wavelength causes the transit
time to deviate as weIl.

Because only two features are generated the uncertainties, in the calculation of M.o and
MLo and the location readout uncertainty cannot be determined. Therefore a set of
incremental fibres is necessary in order to he able to distribute the features over one
distance sampling interval. The lengths of these fibres have to be chosen in a way that the
distance increments are evenly spaced over the sampling interval. The reference values are
then raised with the inserted incremental lengths. Now a data set is obtained with
reference lengths which are evenly spaced around two means. The means are LA + (n
l)Dj2 and LA + LB + (n-l)Dj2, with n the number of distance increments and nDx the
distance sampling interval.

In the same way as in the External Source method a data set consisting of M.j and Lref,j

estimates is acquired. The slope of the fit through these points describes the approximated
value of M Land the intercept with the vertical axis is by approximation M.o' The
uncertainty calculation is discussed in appendix A.
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One of the advantages with this method are that only connectorized fibres are required to
calibrate the OTDR. Also do the calibration measurements resembIe the common OTDR
measurements. It is possible to automate the calibration with optical switches. However,
the setup is not suitable for all OTDR types. The dynamic range and the sampling distance
ascertain the fibres to be used. Another disadvantage is the uncertainty calculation which
depends on many parameters [22].

The Recirculating Delay Line

The last method mentioned here for calibrating the distance scale makes use of a cali
brated fibre loop. This loop is made up of a coupIer and a reflector as is schematically
shown in figure 4.6. Because the pulses from the OTDR are reflected and also repeatedly
transmitted through the loop the OTDR trace consists of many displayed reflective events
which are all evenly spaced (see figure 4.7). The first event originates from the pulse
directly retumed from the reflector to the OTDR without travelling through the loop. The
reference location from this event is the length Llead-in calculated from the transit time,
Tleadin' of the Lead-in Fibre. The spacing between the events is determined by the transit
time T 100p of the Fibre Loop. The reference locations L re/. i are then defined by

c (Tlead-in + i T 1oo/ 2)
Lref,i = ------:-=-----

N A i ~ 0 (4.5)

Again a data set consisting of Mi and Lre/.i estimates is obtained. In the same way as
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Figure 4.6: The recirculating delay line setup.
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Chapter 4 Calibration of the OTDR

described by the preceding methods t1Lo and tiSL are obtained. Figure 4.7 describes the
approximation of the calibration parameters. Appendix A presents the computation of the
uncertainties.

L ref,l
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Figure 4.7: OTDR trace anti calibration parameters obtained by recirculating delay line.

With this method calibration is easily executed. No switching or computer control is
necessary. The time needed for calibration is the least of all. Also many samples are
obtained which are spread out over the OTDR scale. This reduces the uncertainty.
However, for the preparation of the calibrated loop extra equipment is needed which also
has to be calibrated. Another disadvantage is that the method is influenced by many
uncertainties [22].

Implementing one of the mentioned calibration procedures makes it possible easily to
calculate the expected true locations of the displayed features by the OTDR. For the
location error function, t1L, is determined with use of the calibration results. By subtract
ing t1L from the displayed locations, Lordr, we have acquired the expected true locations.
These are given by their expected values and their uncertainties.
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Section 4.3 Loss calibration

4.3 Loss calibration

The loss calibration is carried out in order to determine the loss deviation samples, tiSA i'

for the power levels F within the üTDR its dynamic backscatter range and to evaluate the
measurement uncertainties. The loss deviation is defined as the difference between the
displayed loss of a fibre component, Aotdr,i' and the reference loss, A reP divided by the
reference loss, in dB/dB. Therefore

f1SA " =
,I

A - Aotdr,i re!
A re!

= SA" - 1
,I

(4.6)

Because the üTDR determines the attenuation, or loss, along a fibre by comparing the
received powers at different locations, it is not necessary to calibrate the displayed power
levels to its received absolute power. In fact, all possibie measurements with üTDR are
loss measurements. Therefore only a loss calibration and no absolute power calibration is
carried out.

The goal in calibrating the power scale is to analyze in which proportion the measured
losses, Aotdr, i' differ from the known or reference loss, Are!' for levels F spread over the
whole dynamic range. Therefore a device, passive or active, which generates such
reference losses is applied. A passive device shall be a fibre-like component which
exhibits a known loss at the üTDR's centre wavelength. With active devices the instru
ment settings determine the value of the reference loss. Calibration of these devices ensure
the validity of their settings. Figure 3.7 indicates that F(P) deviates from the ideal
response and it shows in which way the measured losses are related to the reference
losses. Important in the calibration procedure is the possibility for Are! scanning the whole
dynamic range. Furthermore, enough data points have to be measured in order to be able
to characterize the power response F(P).

With a very small Are!' fine details in F(P) can easily be obtained. The problem however is
the influence of noise getting bigger with Are! getting smaller. This results in a larger
uncertainty of the üTDR measurements. With Are! becoming smaller the uncertainty of Are!

itself enlarges also. Therefore it is necessary not to use a too small reference loss. A
minimum of 0.5 dB is recommended.

In the distance calibration the measurement results are fitted by a particular function and
the calibration results are the parameters describing this function (t1Lo and tiSL and the
uncertainties). As a consequence of the non-linear power response F(P) the calibration
results of the loss calibration are the direct measurement results. No function is fitted to
these results. This is an essential difference to the distance calibration. As aresuit, the loss
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Chapter 4 Calibration of the OTDR

scale can not directly be corrected from the calibration measurement results. Therefore, the
development of a correction algoritm is left to the user and is not provided by the lEe.
With this algoritm we are able to determine F(P). Only with use of this function the
OTDR performance can be upgraded to a linear and calibrated power scale. This algorithm
will be discussed in chapter 7.

The calibration results then consist of:
- the loss deviation values, .!\SA,i'

- their uncertainties, cr6,S'A,i'

- the corresponding displayed power levels F/s
,

- the locations on the OTDR distance scale Lotdri

- and the reference loss, Are/"

An important test which sure is part of the lEe calibration procedure is the polarization
dependence test. The solution to this problem is already known. Therefore this subject is
omitted here.

Fibre Standard loss calibration

The Fibre Standard method is one of the most elemental methods in calibrating the power
scale. The most essential part of the measurement set-up is the Fibre Standard. This fibre
determines the reference loss A ref• This loss is calculated with use of the known total fibre
attenuation, AjibreO"'center), at the OTDRs' center wavelength, Acente" according

A = A A L ref
Arel center) jibre( center)"""L

'jibre

(4.7)

Ljibre and L ref are the total fibre length resp. the reference length. By measuring the loss
over this section, displayed by the OTDR, Aotdr, i is determined. The set-up is shown in
figure 4.8. A variabIe attenuator is present in order to be able to shift the reference part
through the dynamic range. The fibre set also shifts the reference part, L ref, in its' dynamic

Fibre Standard

ÜTDR}
fibre sett :.-'.---- L tïbre--------'

[ / I ..D~O__! ----;---r--_Lref~---;-----:Ab~SOrb~r._ ~__J. m

7
Attenuator

Figure 4.8: The fibre standard setup for calibrating the loss scale.
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Section 4.3 Loss calibration

range but also in its' location. Without these fibres the reference fibre has a fixed location
on the OTDR display. Due to, for example, saturation effects the power response is
dependent on the location. Therefore the reference section has to be shifted in power and
also in location. The way in which several values of SA,; are obtained is displayed in figure
4.9. The attenuator will cause the backscattered power to decrease. Therefore, the trace
will shift downwards. SA,; is then measured at another displayed level F/s

• Moreover,
different fibre set lengths are shifting the location of the reference part and the
backscattered power. SA.; can thus be measured at any arbitrary displayed power level Fbs'

i
~ 1

~otdr,i

.!p.. Î

reflection fibre set end

--------

~ref---3>

[km] ---.

PowerRespoo/
SA' /

/

_J
A

-----0> ref-E--

Reference Power Level P [dB] ---.

Figure 4.9: Loss calibration parameters and power response in respect with OTDR trace from fibre standard

It is obvious, that with this method the loss calibration parameters SA.;' F/S
, Lo/dr.; and Are!

can be calculated. The computation of the uncertainty (Jt>SA.; is stated in appendix B. This
method ensures a good similarity with common OTDR measurements. However it suffers
more from disadvantages. All the Ao/dr,; samples to be measured need a large fibre set, with
many connections to be made. Apart from this handwork the method is polarisation
dependent (the polarisation state of the receiving pbs changes with different fibre set
lenghts) and is influenced by many uncertainties [22].

External Souree loss calihration

The Extern Source method used for calibration of the loss scale resembles the Extern
Source method for calibrating the distance scale very much. This can be seen from figure
4.10. The main difference here, is the presence of two attenuators instead of one. The
second attenuator, Attenuator 2, is incorporated to act as reference loss, Are!, lust as in the
distance calibration setup the E/O converter is triggered by the delayed OTDR pulse.
Again the OTDR is displaying the pulse received from the E/O converter. Now the
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Attenuator 1 I------j Attenuator 2

F6

F3

E2Absorber
'-.
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Figure 4.10: Extern Souree setup for calibrating the loss scale.

backscatter level from the pulse is measured. With an unchanged delay setting the pulse is
attenuated by toggling the reference attenuator to a fixed attenuation step. The backscatte
red power level is measured again. The difference between the two backscatter levels is
the measured loss Aatdr,;. The reference loss, Areft equals half the attenuation step from the
attenuator, due to the OTDR vertical sealing factor of 0.5. The determination of various
samples Aatdr.; is visualized in figure 4.11. The OTDR display is showing 4 seperate
measurements. The two settings have a fixed delay and are showing two different power
levels by introducing a reference loss, Aref•

By using different delay settings the pulses can be placed on any point at the distanee
scale. Attenuator 1 attenuates the pulse in order to place the pulse in the correct region.

--_ .. __ . -.------------ -------f~~J---_·_·_·

! l

~ 1

f !

Power Response PeP)

--------

~----------------------

------------------------------~-

...... '···----------j-----i---------- - ---------- ... -----

! !; ,

[km] Reference Power Level P [dB] ----.

Figure 4.11: Jlfustration of4 combined OrDR displays in relation with F(P) and loss calibration parameters.
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Section 4.3 Loss calibration

With increasing location the backscattered power normally decreases when measuring a
fibre. Because the calibration must simulate this situation, Attenuator 1 is present. It will
he clear that the reference attenuator requires a good reproducibility to keep Are! constant
during the calibration session. Uncertainties are again discussed in appendix B.

The benefit in using this method is the suitability of a fuIl automation of the calibration
procedure. Independent of any OTDR the whole dynamic range can be scanned for its'
loss deviation values, !!SA,i' The method is polarisation independant and is showing very
stabIe measurement results [28]. A disadvantage however, are the high costs which are
introduced by the presence of many instruments. Furthermore, the OTDR is being
calibrated with an atypical OTDR signature.

The Splice Simulator method

Another method which uses a passive component for generating the reference loss is the
Splice Simulator method. The setup is shown in figure 4.12. Aret is generated by the loss

fibre set

lüIDR ~ c/1
Attenuator

Figure 4.12: The Splice Simulator setup.

Splice Simulator

of backscattered power due to the shorter fibre F1 with respect to F2. At the end of F1 the
OTDR isn't receiving any backscatter signal from this fibre. Behind this location only
signal is scattered back to the OTDR from F2. The reference loss is therefore calculated
by the ratio of the received backscattered signal just hefore the end of F1 and the signal
just after this location.

The Splice Simulator consists of a branching device. An optical signal is attenuated by
travelling through this device. In both directions the same signal loss is acquired. The
power-ratio from FO into F1, or from F1 into FO, is denoted by the coupling ratio Xl'
Similarly X2 accounts for the coupling ratio from FO into F2. Are! can then be expressed by
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[

X
2 X

2

] [ 2]I + 2 XI
Are! = 5 log X

2
2

= 5 log 1 + X
2
2

The conversion factor of 5 is used due to the sealing of the OTDR.

(4.8)

From figure 4.13 it is seen how the calibration parameters are obtained. Apart from the
reference event there is another loss, situated at the end of FO. It arises from the branching
device itself. Again, the fibre set and the attenuator are implemented to shift the reference
event along the power and distance scales in order to be able to measure many samples

SA,;·

reflectIon libre set end

---------

[km] -----.

Power Response F(P) ,/

/

A·
~re~

Reference Power Level P [dB] ----.

FiguTe 4.13: OTDR trace and loss calibration parameters generated by Splice Simulator method.

The Splice Simulator method inhibits several disadvantages. Analogous to the Fibre
Standard method the polarisation of the received backscatter signal is changed by the
insertion of different fibre set lenghts. A very important inconvenience here is that the
upper level of the dynamic range can't be calibrated due to the loss from the brancing
device (see figure 4.13). In addition, the method comprises many connectings and
disconnectings from fibres and is influenced by many uncertainties.

The Power Reduction method

This last method consists of a passive as weU as an active component in order to generate
the loss deviation samples SA,;. An optical component generates the specific OTDR trace
and a very acurate attenuator will present a reference loss, Arel The power travelling to the
optical component is thus reduced in power. There are several alternatives to calibrate an
OTDR with this method [22]. The most powerfuU method is the Long Fibre alternative.
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"

Figure 4.14: The Long Fibre setup as alternative in the Power Reduction method

Figure 4.14 is showing the setup. lust like the extern source method the attenuator IS

implemented to generate a reference loss. The fibre must be very long. Under this
condition the OTDR trace wiU embrace the fuU dynamie range of the OTDR.

The first step is to generate an unattenuated trace from the Long Fibre, displayed by the
original trace in figure 4.15. The next step is to toggle the attenuator to its' reference
attenuation, Are!' and measure the attenuated trace. The difference between the two traces at
an arbitrary fixed location is the measured loss Ao'dr,;.

The main advantage of this method is its' very simple setup. With this setup SA,; can be
obtained for every location and power level of the OTDR measurement range. The number
of measurement samples is equal to the number of data points describing an OTDR trace.
Furthermore, the loss calibration is executed in a very short period. The problem with this
method however, is the insertion loss of the attenuator. Hence, the upper level of the
dynamie range cannot be calibrated.

arigina! traee
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~ A~tdil"""""" ..!r" .
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~
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i
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. ~1~ .

LOtdr,i

[km] ------.

À'4 re4---
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Figure 4.15: Two OTDR traces showing the loss calibration with the Long Fibre alternative.
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4.4 Determining the optimum method

In the preceding section the calibration methods, recommended by the IEC, are discussed.
Some insight has been given to the practical functioning and derivation of the calibration
parameters of these methods. The appendixes A and B stress the uncertainties which are
influencing the methods. Furthermore, the main advantages and disadvantages are
considered. With this information we are able to derive the optimum method for calibrat
ing OTDR instruments at P.O.F..

Distance calibration

The main characteristics gathered from this information are expressed in table 4.1. From
appendix A it can be seen that there are several uncertainties arising from the calibration
of the fibres (measurement of the transit times). In this respect the External Source method
is therefore favoured. The automation of the Concatenated Fibre method is only possible
when optical switches are used. This results in more complexity and costs. The distance
scale of the OTDR under test can be fully analysed with the External Source method, also
the De1ay Line offers many distance samples when the loop is small compared to the
length of the distance scale.

Table 4.1: Survey distance calibration characteristics.

I
Feature

I
External Source Concatenated Fibre Recirculating

Delay Line

uncertainties few many many

automation easy only with swithes easy

OTDR scale complete (any 2 sampling intervals complete (fixed
point) points)

calibration Timer-Counter fibres A and B lead-in and loop

OTDR depend- unchanged setup possible adjustment possible adjustment
ence fibre set andlor A loop

andB

requisites many few few
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Section 4.4 Determining the optimum method

The calibration of the reference values is asking the least amount of labour when using the
Extemal Source method, for the Timer-Counter is namely calibrated outhouse. Because
OTDRs have their own specific field of operation, the distance scales can differ. However,
the scale must be calibrated for its' full length. Hence, when calibrated fibres are used,
these must be selected with respect to the specific OTDR scale. The last feature discussed
here is the amount of requisites needed in the calibration setup. It will be clear, that the
passive methods are preferred because these ask for the most inexpensive and for the least
number of devices.

From the preceding section it is concluded that conceming the accuracy, the simplicity and
the labour intensity the Extemal Source method is favoured most. A disadvantage could
emanate from the amount of costs involved, wouldn't it be that most of the instruments
are already present at P.O.F..

Loss calibration

The main characteristics belonging to the loss calibration methods are summarized in table
4.2. The Extemal Source together with the Power Reduction method are influenced by the
least amount of uncertainty. The S.O.P. remains unchanged during calibration, therefore
(JApol is equal to zero. Furthermore, the calibration of the passive devices, fibre and splice,
is subjected to more uncertainties (see appendix B).

The next feature is the OTDR scale. In table 4.2 the backscatter level emanating from the
locations closest to the OTDR is denoted with 'highest level'. The ability of scanning the
OTDRs' loss scale with the Splice Simulator method is most restricted. Due to the loss of
the branching device the highest level cannot be calibrated and besides this the locations
where Are! is generated are subrnitted to fixed locations. Most flexible are then the Extemal
Source and the Power Reduction method. The main advantage of the lastmentioned is its'
potentiality of generating as much calibration values as points displayed by the OTDR.
However, the insertion loss of the attenuator causes the calibration to start below highest
level.

Because no disconnecting is necessary for the Extemal Source and Power Reduction
method they can be automated easily. The number of requisites needs no further discuss
ing. It is also not hard to understand, that calibration of passive devices is demanding
more labour time than the outhouse calibration of an attenuator.
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Table 4.2: Survey [oss calibration characteristics.

I
Feature

I
Fibre Standard External Splice Simula- Power

Source tor Reduction

uncertainties many few many few

OTDR scale from highest complete (any below highest below
level (fixed point) level (fixed highest
locations) locations) level

automation only with easy only with very easy
switches switches

requisites few many few fewest

calibration Fibre Attenuator Splice Attenuator

From this evaluation it is concluded that the Fibre Standard and the Splice Simulator are
not favoured for loss calibration. To acquire acurate calibration results uncertainties must
be avoided to the most. Furthermore, automation can't be executed in a flexible way. This
also is important for the calibration of several different OTDR types. With fixed fibre
lengths the procedure is restricted to these specific lengths. With a non-automated setup it
also will take much labour to calibrate an OTDR.

The External Source and the Power Reduction method are much more flexible. Moreover,
the stability and thus the accuracy is much better. Repeated calibrations show measure
ment results with good reproducibilities [28]. It is also possible to fully automate the
calibration procedures. The surplus value of the Power Reduction is its' very basic setup.
Much information can be obtained in a very short period of time and with very few active
and passive devices. However, the advantage of the External Source method is its' ability
of scanning the full power scale and placing the reference loss at an arbitary location. This
is only possible under the presency of much equipment. So, the costs are also the highest
with the External Source method.
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Section 4.4 Determining the optimum method

The preceding section explained the preference of the Extemal Source method for
calibrating the distance scale. The Extemal Source method discussed here, only includes
an extra attenuator. So, with almost the same devices the calibrations can be performed.
Moreover, both loss and distance calibration are executed at the same time. When the
power level of a pulse routed back to the OTDR is measured, also the location of this
pulse on the OTDR display can be determined. These advantages result in the choice for
using the Extemal Source method for calibrating both OTDR scales.

An important issue here is the cost factor. The Extemal Source method needs much
equipment. Inventarisation of the instruments at P.O.F. has shown most devices to be pres
ent. A reference attenuator was missing but also required in the Power Reduction method.
This diminishes the influence of costs. The laboratory measurement setup of the Extemal
Source method is discussed in chapter 5.
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Chapter 5

The External Souree setup

The setup displayed in figure 4.2 and 4.10 has been made experimentally operative at the
measurement laboratory of P.O.F.. In order to be able to understand and to ensure secure
handling of the setup, the following sections are included.

5.1 Description of devices

The individual devices, used in the calibration setup, are visualized in figure 5.1. The
arrows in the figure denote optical fibres. The section indicated with Fixed Part is
belonging to the chromatic dispersion measurement setup. Because this setup must be
available at any time, it is important not to alter the setup completely. Especially the
lasers, from the chromatic dispersion setup, are mounted in a fixed position. Therefore, the
Laser Driver can only be connected to the lasers by a sma-connector.

The Optical CoupIer guides the pulses from the OTDR to the detector. The ratio 90/10
indicates the power splitting ratio. Hence, 90% of the power is launched to the detector.
Moreover, the reflections from the attenuators' connector interfaces are reduced by the two
way loss of 20 dB resulting from the 10% coupling ratio from the OTDR to the 8158B
Attenuator and in reverse direction. Another condition for the coupIer is the operation at
both centre wavelengths 1310 and 1550 nm.

By means of the Amplifier the electrical pulse triggers the Delay Generator, BNC 7075.
The delay settings are varied from 1 ns to 999 ns, with 1 ns step size. The Timer-Counter
is used to calculate the delay time, set by the Delay Generator. The inputs A and B of the
Timer-Counter are therefore connected with the initial negative output resp. the delayed
negative output of the Delay Generator. On the oscilloscope the detected pulses are
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Fixed Part

Attenuator
Hewlett-Packard
8156A

Attenuator
Hewleu-Packard
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r-------------------------------------
I
I
I

Delay Generator
BNC
7CJ75

Figure 5.1: Experimental setup of the External Souree method.

displayed. It is also possible to display the delayed or initial positive pulses generated by
the Delay Generator.

The Avtech Laser Driver is triggered by the Delay Generator. This device is a current
source for driving the two lasers. The requirements are:

- external triggering
- frequency 0-5.5 kHz
- pulsewidth >2 JlS

The 5.5 kHz range evolves from the minimum transmit time between two OTDR pulses.
With a distance range of 18 km the minimum pulse period is about 0.18 ms. When using
a shorter period, backscattered light from the fibre-end will reach the OTDR when the
next pulse is already being sent. This will disturb the OTDR trace. Therefore the maxi
mum frequency is 5.5 kHz. A 20 km distance range represents the smallest range in use in
production. 5.5 kHz is then the maximum occurring frequency.

When detecting a reflective event, several OTDRs are just displaying a small flat section
with a pulsewidth of 1 Jls. Calibration needs a flat section for being able to measure the
power level ps of the retuming optical pulse. Consequently, 2 JlS is the smallest
pulsewidth for being able to calibrate. The Avtech AVO-6D-PS-API-N meets the
requirements just mentioned. However, in this frequency range and with these large pulses,
the driver is also very powerful. For the two lasers the maximum current is about 35 mA.
In this region the generated pulses suffer from strong spikes. Therefore a small
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Chapter 5 The extemal souree set-up

condensator (::=lnF) is inserted parallel with the laser-diode to filter these disturbances.
Moreover, to meet the requirements for flexible use of the lasers (in chromatic dispersion
and calibration setup) a sma-connector is soldered to the output of the driver.

The two attenuators are included in order to fix the optical pulses coming from the 1310
nm or 1550 nm laser to the required backscatter level. During optimisation (section 5.2) of
the various fibre couplings, the 8156A is set to 0 dB attenuation. The 8158B sets the pulse
level just beneath the clipping level of the OTDR. In calibration the 8158B controls the
upper pulse level and the 8156A is used for generating the reference loss, Arel' Therefore,
the requirements for the 8156A are very high. Especially the specification on repeatability
is very intense in order to generate stabIe reference losses. The typical repeatability of the
8156A is ±0.005 dB, which is high enough for keeping the loss deviation uncertainty,
O'ASA.i' originating from the reference loss, O'Are!, below a few thousands of dB. The absorber
at the free fibre end of the coupIer is realised by connecting a pigtail which is badly cut.
A reflection from this fibre end is then strongly suppressed.

5.2 Setup operation

Calibration can take place when the setup is being adjusted to its optimum and the
calibration of the insertion delay time is performed. Before this is started, attention must
be paid to the following. The Laser Driver pulses the laser to which it is connected. The
lasers must be protected from overload. Therefore the current must be kept below 35 mA
in order not to overload the laser. Already was mentioned that the driver is very powerful.
A small turn of the potentiometer, controlling the amount of current, can cause severe
damage to the laser. Therefore, before triggering the driver by the Delay Generator the
peak current to the laser must he in control. The correct current is set only by measure
ment of the voltage over the resistance in series with the laser. The pulsewidth is set to
maximum.

Optimisation

Figure 5.1 is displaying the setup for calibration of the OTDRs' distance and loss scale.
With the use of this setup, the first step, in each calibration procedure to be executed, is
optimizing the fibre couplings. The pigtail-detector coupling is optimised first.

The trigger level of the Delay Generator is set to its lowest positive value. The OTDR is
set into the continuous pulse mode (pulsewidth 1 Ils) and the Oscilloscope is displaying
the received OTDR pulses. By means of the Delayed Time Base, DTB, of the
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Figure 5.2: OTVR display generated by the External Souree setup, with delay of 21JS at
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Chapter 5 The external souree set-up

üscilloscope the detected pulse is expanded. The pigtail-detector coupling is adjusted for
maximum pulse signal. The detector is made up of a current source and a photo-diode.
The current source, supplying a bias current to the photo-diode, is set to maximum. A
maximum signal must be acquired in order to meet the conditions for the calibration of

Tde1ay•

After maximizing the detector circuit, the optical pulses, generated by one of the two
lasers, are visualized on the üTDR display. The goal is to acquire the situation as shown
in figure 5.2. Here, a pulse of about 5 JlS, generated by the External Source method, is
received by the üTDR at approximately 20 km. First, the display is expanded on the loca
tion where the pulse will be displayed as a result of the delay setting of the Delay Gener
ator. For instance, a delay of 2 Jls will place the pulse at about 20 km on the üTDR
distance scale. The attenuators are set to zero and the positioners of the coupling device
are optimised. While optimizing, the 8158B is adjusted in order to keep the displayed
üTDR pulse below clipping level. It is important to receive a flat pulse. Accordingly, the
positioners of the Coupling Device are adjusted in order to ensure a straight coupling of
the laser-light into the pigtail connected with the 8156A. Figure 5.3 is showing the
received pulse, originating from the optimized experimental External Source setup.

Calibration of Tdelny

Before calibration can take place, first the insertion delay time, Tde1ay , is determined. The
experimental setup is therefore altered to the setup shown in figure 5.4. The main differ
ence here, is the absence of the üTDR. Instead, the two connectorized coupier ends are
joint by a coupling bus. Furthermore, a Pulse Generator is present, which triggers the
Delay Generator and the Timer-Counter. The Pulse Generator generates electrical pulses,
with amplitude and period equal to the signal initiated from the optin;tized detection circuit
of the setup shown in figure 5.1. In this situation the Delay Generator can be triggered at
the same trigger level.

The signal amplitude generated by the detector is now much smaller, because the laser
light from the external lasers is now being detected. This light is much weaker than the
light from an üTDR and is also attenuated by the Attenuators and the Coupling Device.
This explains the maximisation of the detector circuit. As already mentioned in section 4.2
the Timer-Counter measures the insertion delay time from the time between the start
trigger pulse from the Delay Generator and the stop trigger pulse from the Amplifier. The
Timer-Counter measures the delay times in the same way as in the calibration of the
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Figure 5.4: Experimental setup for calibration of the insertion delay time, Tdelay

üTDR to ensure correct calculation of the reference settings, Lre/. i• Therefore, Tde1ay and the
delay settings from the Delay Generator are both measured in automated mode (trigger
level at 50% of pulse slope). The only difference is, that the trigger slopes now are
positive and in the üTDR calibration setup of figure 5.1 negative.

Having executed the calibration of the insertion delay time, Tdelay' the setup from figure 5.1
is put up again in order to execute the üTDR calibration.
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Chapter 6

OTDR measurements

In chapter 3 is already mentioned that the power response, P(F), is subrnitted to sealing
and non-linearity. Formula (3.13) describes the relation for F(P). When the sealing factor,
SA' and the non-linearity, h,,ttdr, are known, we are able to correct the loss scale of the
OTDR to a calibrated and linear relation (chapter 7). Therefore, this non-linearity function
must be acquired. To get an indication of the non-linearity, several measurements on
OTDR instruments were performed, before the experimental External Souree setup had
been finished. The measurement results are discussed in this section. Also the conse
quences of these results to fibre control at P.O.F. are considered. First the setup is outlined
and it is stressed how to interpret the measurement data.

6.1lntroduction

The Power reduction method is being used for generating the OTDR measurement data.
The setup, displayed in figure 4.14, is realised. We saw how it was possible to acquire
numerous values of SA,i' Is it also possible to appoint the direct influence of non-linearity
to an OTDR trace, with this method?

Therefore, let's consider the measured fibre is perfectly uniform. So, the backscatter
factors Sb(Z) and S/z) are constant and equal to each other, Sb(Z)=Sjz)=S. For the attenu
ation coefficients also hold the following relations, ab(z)=a/z)=a and abS(z)=a/(z)=as

•

The fibre is now being measured in forward direction by the OTDR. The flrst time with
the attenuator set to 0 dB and the second time set to Are.t Applying formula (3.5) the next
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Section 6.1 1ntroduction

expression is derived:

[dB] (6.1)

From this expression it is concluded that a uniform fibre generates a linearly decreasing
backscatter signal with increasing location. The real power or reference power, PbbS(Lotdr),
is thus equal to Pbbs(O) minus the distance axis multiplied by the attenuation coefficient, a.
The backscattered power displayed by the OTDR is then obtained by reflection of the
power response F(P) in the vertical axis. The horizontal axis is then Lotdra. This is
visualized in figure 6.1. The trace denoted by ideal trace meets the relation pS=Pbbs. The
attenuated ideal trace is equal to F/S=PbbS-Aret· The real trace is obtained from the
reflection of F(P) in the axis Pbbs=P/s(O) and is showing the trace being influenced by

reflection axises

Reference power level P:s [dB] ------.[km]

,
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Figure 6.1: Left: OTVR traces acquired with Power Reduction and uniform fibre, Right: Power response and the
reflection axises.

non-linearity. The real and ideal trace start at PbbyO), the attenuated real trace at p/S(O)_

Aotdr,i and the attenuated ideal trace at PbbS(O)-Are!' Therefore, the attenuated real trace is
obtained from reflection of F(P) in the axis PbbS=PbbS(O)-Aret.

In fact, the attenuated trace is then obtained by shifting the unattenuated trace by -Are!'

When the horizontal axis only holds the OTDR location, Lotdr' the shift must be equal to
Are/a. This is shown in figure 6.2. Here, the difference from the real trace, Fbs' and ideal
trace and the difference between the attenuated real trace F/s

, and the attenuated ideal
trace are displayed. In figure 6.2 the ideal trace and the attenuated ideal trace are replaced
by LSA. This means that the ideal traces, attenuated and unattenuated, actually are
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Chapter 6 OTDR Measurements

i

< iShift A ref ai /
~ ~--------------~

L otdr [km]

Figure 6.2: Difference from real trace with LSA fit and shifted atttenuated real trace - LSA.

obtained by fitting a LSA-curve to the real traces (attenuated and unattenuated). When the
result is plotted the non-linear behaviour is expanded. In the following discussion, the
trace minus the LSA-fit is called the expanded trace.

In practice, this means that by applying a LSA-fit to the unattenuated and attenuated
OTDR signatures and showing the difference from the real signature to the LSA-fit the
non-linearity of an OTDR is visualized by the shift between the two plots of Are/a.

6.2 Analyzing measurement results

The Power Reduction setup

The measurements were taken from the Anritsu, MW 910C, OTDR instrument. This
apparatus normally is being used in the Optical Measurement. The reference attenuator is
the 8156A. All measurements were performed at 1550 nm. Because the goal was to
evaluate the complete performance of the OTDR on non-linearity, the whole region,
wherein normally the fibre control is executed, had to be exarnined. Software had been
developed in order to automatically control the setup. In this way many data from all
possible settings could be exarnined. The most representative ones are presented in this
section.

The maximum delivery fibre length is about 25 km. Consequently, the fibre used in
measurement, type MCSM identification number AD 13063 D, was approximately 25 km
long.
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Section 6.2 Analyzing measurement results

Simulation OTDR Optical Measurement

The OTDR trace, acquired with this fibre, is shown in figure 6.3. This plot has been
obtained by measurement of a 40 km section displayed by the OTDR. The OTDR
operated at 1550 nm and pulsewidth 1 ~s. Only the fibre part is visualized, hence approxi
mately 25 km of the 40 km section is presented.

The OTDR exhibits a feature to enlarge the dynamic range. Intemal an attenuator is pres
ent between the diode and the amplifier. In order to use the dynamic range of this
amplifier most efficiently, the attenuator shifts the backscatter power level to the upper
level of the amplifiers' dynamic range. With no attenuation the backscatter signal arising
from the fibres' front-end is clipped to the maximum power level of the amplifier.
Therefore the attenuator is set to reduce the signal below clipping level. At a more distant
location the signal is decreased by the attenuation of the fibre. Now, the attenuator can be
set to a lower value in order to place the signal just below clipping level. In this way the
signal is repeatedly shifted by the attenuator with the increasing of the location to enlarge
dynamic range.
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Figure 6.3: 40 km section OTDR trace from AD 13063 D with MW910C at 1550nm and int.
5dB and ext. O.4dB.
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Chapter 6 OTDR Measurements

The intemal attenuation, int., is 5 dB for the trace in figure 6.3. The extemal attenuation,
ext., is the attenuation setting of the 8156A attenuator. The trace seems to be very linear.
This is to be controlled by expanding the trace. The expanded trace is then displayed in
figure 6.4. The first 320 m is skipped because this part is influenced by dead-zone effects.
The expanding is realised by fitting the trace to a straight line by means of LSA and
displaying the difference between the trace and the LSA-fit. It is obvious that the trace is
showing some non-linearity. This is merely descending from the non-uniformity of the
fibre and not from the OTDR. In one of the following subsections the proof of this state
ment is dealt with.
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Figure 6.4: Difference 40km section OTDR trace and LSA -fit, 1-25.2km.

In production the fibre is controlled by measurement of 5 km sections instead of the 40
km section in the previous section. The resolution is enhanced in this way (maximum
buffer of 501 data points over 5 km instead over 40 km). The next step is then the
measurement of 5 km section traces. The backscatter data from these sections are
connected to each other. This is visualized in figure 6.5. Again the trace is expanded by
curve fitting. It is obvious, that each 5 km section, apart from the last, is influenced by a
strong non-linearity. With a correct operation of the OTDR, the same plot, as shown in
figure 6.4, must be achieved. Only the last section shows some resemblance.

This non-linearity is not the non-linearity we expected to discover. When measurements
are taken under the same circumstances, but only with an enlarged measurement section,
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Figure 6.6: Extrapolated 5km section traces - LSA, I-5km, and 40km section trace.

53



Chapter 6 OTDR Measurements

this non-linearity has to be the same when it is originating from the non-linear power
response, P(F). Also a change of the extemal attenuation shifts the non-linearity of the
loss scale as seen in section 6.1. Measurements at different attenuation levels show no
shift.

Therefore, this non-linearity is originating from incorrect functioning of the OTDR
instrument. This also is concluded from the fact that another MW910C is not showing
these large non-linear influences. At this moment the real cause is unknown. In production
this instrument was not used any more and it was sent for repairment. The problem was
namely to severe, because fibres were disapproved as a result of this specific feature.

Normally in production, the traces are extrapolated, in order to fit the 5 km sections to
each other, without any resulting dips or irregularities present. Figure 6.6 is showing the
expanded extrapolated trace which is acquired with the data from figure 6.5. The LSA-fit
from the original trace is applied to the extrapolated sections in order to show the
deviation from the original trace (also shown in figure 6.6).

As already mentioned in section 3.3, the fibre control in the Optical Measurement is
executed by the measurement of the fibre in two directions. Then one of these is the
measurement executed here. The extrapolated 5 km sections are fitted to an LSA from the
extrapolated data. This simulated OTDR Optical Measurement is displayed in figure 6.7.
In comparison with the original expanded trace, it is obvious that in this situation the non
uniformity parameters are intensely disturbed by this OTDR property. Also the curvature
has been increased. The deviation from the original parameters is discussed in section 6.3.

Measurement of non-linear power response

In order to explore the non-linearity introduced by a non-linear power response F(P), the
influence of the non-linear 5 km sections must be eliminated. Therefore, measurements are
taken from a 20 km section. In this way almost the whole fibre length can be observed
and the resolution is not deteriorated very much.

Two expanded OTDR traces are shown in figure 6.8. The intemal attenuation is set to
zero. Accordingly, to avoid clipping of the displayed backscattered power, the extemal
attenuator is set to 3.5 dB resp. 4 dB. The similar fibre has been used for generating these
results. The MW910C is used again, but has been returned from its' first repairment. This
indicates, that a second repairment is executed. The reason for this is the non-linearity
arising from the beginning of a measured section as seen in the preceding section. Now
the influence is just the other way around. Instead of a declining deviation, we now see a
rising deviation from figure 6.8. Just as before, additive measurements show that, every
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time when a section is taken in from a distant location, the non-linearity takes place.
Moreover, it seems to be more severe than before.

Apart from this influence, figure 6.8 is showing comparabIe measurements as the one dis
played in figure 6.4. The two expanded traces also showastrong resemblance to each
other. The small shift at the end is ascribed to a very small non-linearity of the power
response. Chapter 7 will make this clear. The slope of the LSA-fits are both equally and
set to -0.195 dB/km in order to acquire the largest expansion. This also holds for the
following measurements. According to figure 6.1, the non-linearity can be detected by the
part which is shifted by Are/a, when the slopes of the LSA-fits are equally chosen. Figure
6.8 is showing two expanded traces which are approximately equal. Therefore, the influ
ence of non-linearity by the power response is neglected here and the two traces serve as
reference, with no non-linearity in the power response, for the following section. The
curvature in the traces descend from the non-uniformity of the fibre and the fixed section
non-linearity of the OTDR. These influences are therefore always present in approximately
the same amount.

The next measurements were made with the intemal attenuator set to 2.5 dB. Two
expanded traces with extemal attenuation settings of 0 resp. 0.5 dB are illustrated in figure
6.9. Now, strong deviations with the former traces are present. Also is it seen, that the
non-linear behaviour exhibits a shift in the location-axis. The shift is approximately 2.5
km. This equals the shift calculated from Are/a=0.5/0.190.",2.5 km. From this, we may
conclude that at 2.5 dB internal attenuation the OTDR exhibits a non-linearity descendant
from the power response P(F). This is also presented in figure 6.10. In this figure five
expanded traces are shown. The non-linearity is shifted 2.5 km for the adjacent traces.
Accordingly the traces were attenuated with 0.5 dB difference between the individual
curvatures.

Similar measurements were executed at 1310 nm. The reference traces are presented in
figure 6.11. Just as the measurements at 1550 nm these were acquired with internal
attenuation of 0 dB. The slope of the LSA-fit is fixed to -0.35 dB/km. More noise is
present near the fibre end-face because the fibre exhibits a larger attenuation at 1310 nm.
The attenuation coefficient is 0.344 dB/km.

Figure 6.12 has been obtained by the measurement at int. 2.5 dB. Again we detect a
severe non-uniformity. The non-linearity from the adjacent traces are now shifted by
approximately 2 km. This corresponds to the externally applied attenuation of 0.75 dB.

Also figure 6.13 is showing a small non-linearity originating from F(P). Here, int. was 5
dB. The non-linearity is present near the fibres' front end.
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6.3 Problems in fibre control

The measurements, discussed in the preceding section, are influenced by serious non
linearities, introduced by the individual 5 km sections. From figure 6.3 and 6.7 It IS
obvious that the original backscatter signature is fully disturbed by this non-linearity. The
original curvature in the backscatter trace cannot be detennined any more.

Based on the data, shown in figure 6.6 and 6.7, the deteriorations from the OTDR parame
ters are calculated. From figure 6.6 it is seen, that the expanded trace is deviating about
0.12 dB with the original expanded trace. This also will hold for the measurement in the
other direction. Therefore the loss is increased by 0.12/25=0.005 dBIkm. The loss
difference is not changed. Figure 6.7 shows an absolute difference with the LSA-fit of
=0.25. Apart from the dead-zone at the front-end, the original expanded trace deviates
=0.005 dB with the LSA. This leads to a Curvature value increase of at least 0.02 dB. The
uniformities depend on the placements of the 5 km sections of the forward measurement
with regard to the backward measurement. The worsened conditions are then 0.01 dBIkm
for both the uniformities.
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Table 6.1: orVR parameter deteriorations from section non-linearity.

Parameter Deviation

Loss 0.005 [dB/km]

Loss ditTerence o [dB/km]

Curvature 0.02 [dB]

Loss Uniformity <= 0.01 [dB/km]

Backscatter Uniformity <= 0.01 [dB/km]

This survey holds for all the measurements performed with the particular operation of the
OTDR at that time. After the first repairment the non-linearity of the sections were even
worse. These are not calculated here.

The optical parameters are strongly affected and therefore disapproval of several fibres can
occur, when actually the fibres are qualified for sale. Therefore it is necessary to evaluate
the OTDRs on this specific feature in the near future. Only when this mal-behaviour of
OTDR apparatus is detected as soon as possible, the disapproval of fibres, as a result of
this property, can be prevented. Moreover, this problem has to be solved because the
specifications of fibres are still growing stronger. It is therefore recommended to ad an
extra procedure in the quality control of an OTDR before it is implemented in production.

The next chapter is dealing with the non-linearity resulting from the non-linear power
response.
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Linearising the OTDR power
response

The figures 6.9, 6.10, 6.12 and 6.13 from chapter 6 showed us, that the OTDR is under
influence of strong non-linearity arising from the loss scale. Instead of the incorrect
operation detected in the Optical Measurement simulation, this non-linearity meets the
OTDR specifications according to the manufacturers. Although the specified non-linearity
actually is too high for the qualification of optical fibres, especially in the near future,
P.O.F. is dependant on these instruments.

It might be dear, that P.O.F. is looking for better OTDR performance. Till now, OTDR
manufacturers are not able to upgrade their hardware to satisfacting specifications. Hence,
methods are being developed in order to correct non-linearities by means of software. Not
only P.O.F. but also other parties are active in the development of correction algorithms
[16],[19],[22]. However, the exact implementation of these algorithms are not known.
Therefore, one task of the graduation work was to develop a linearisation correction
algorithm. The algorithm is discussed in this chapter.

7.1 Theoretical derivation of non-linearity

In chapter 6 the power reduction setup gave us some insight in the non-linear influence of
an OTDR to an expanded trace. Not only the non-linearity arising from the power
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response could be detected but also the influence of non-uniforrnity in a fibre was present.
Our goal is to separate these two influences from each other in order to deterrnine the
non-linearity relation, hnttdr(P).

The expanded traces

From equation (3.13) we saw that the power response depended on the reference power
level P. Here, the expression is extended to the following form:

(7.1)

Now, the expression describes the backscatter trace of a fibre, instead of the power
response, F(P). Therefore, ps depends on the location, 1, of the measured fibre. The power
backscattered from the fibre, pbs/ibre, is modelled by

(7.2)

where fX/ibre is the mean attenuation coefficient and pbS/ibre.ni1) the non-uniform
backscattering of the fibre. Therefore, formula (7.1) can be expressed as

(7.3)

Chapter 6 demonstrated the visualisation of non-linearity by expanding the OTDR trace.
Hence, we derive

A (7.4)

with !nl1) describing the non-linearity shown by the expanded trace. Equations (7.3) and
(7.4) lead to the following relation

(7.5)
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It is clear that the expanded trace displays the non-uniformity of the fibre as weIl as the
non-linearity of the üTDR.

For the attenuated üTDR trace, F/s(l), the similar steps are taken. Therefore, yields

A P
bs pbs Ajibre,A = jibre- (7.6)

with pbsjibre,A(1) the attenuated backscattered power from the fibre. Then according to the
equations (7.2) and (7.6) the foIlowing relation must be valid

Also holds

(7.7)

A (7.8)

where /"I,iI) is the expanded trace for the attenuated fibre. The factor ASA is the attenu
ation between the traces displayed by the üTDR. From formula (7.7) and (7.8) we obtain

(7.9)

The equations (7.5) and (7.9) show that the two expanded traces only differ in the non
linearity relation, hntdr, which is a function of pbsjibre in the relation for /"1 and is a function
of pbsjibre,A for fn/.A' The influence of the fibre is thus statie.

According to chapter 6, the backscattered power, Pfibrebs, is equal to PblO)-Ia and Pjibre}S

equal to PblO)-A-Ia, when the fibre is fully uniform. In practice this situation is not
possible. However, with a fairly high amount of uniformity max(pbSfibre.nl(1» « 1 is valid.
Under this assumption pbsfibre is approximated to be proportional with 1. Therefore, holds
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and

with lO=AlCljibre. In fact, this is the same situation as illustrated in figure 6.1. There, the
OTDR x-axis is equal to the reversed reference power axis of the power response, starting
from the backscatter level at l=O. pbS(O) and Cljibre are constants. Therefore, we now can
rewrite hntdr as a function of the length I, by

(7.12)

These are the expressions for the situation presented in figure 6.2. The attenuated non
linearity function, hnl°ldr(l) , is shifted by lO=AlCljibre with regard to the unattenuated non
linearity function, hntdr(l+lo). According to equation (3.11) we obtain

t = 2Nl

c
2N(l + lo)

t+t = _
o c

(7.13)

where to equals 2NAlCljibreC. With this expression and the equation (7.12) applied to (7.5)
and (7.9) the expanded traces, fnl and f..1.A' can be related to the time base, t, according to

This set ascribes the time relation between the expanded traces obtained by the power
reduction method. The attenuation difference between the separate OTDR traces is A. It is
seen, that the fibre influence, lSjibre,nl is static and the non-linearity behaviour of the
OTDR, hntdr, exhibits a time shift, to' when attenuated with regard to the unattenuated
expanded trace. Also the static influence of the non-linear behaviour of the OTDR as a
result of the measured section, see section 6.2, can be expressed by the static function

bs
P jibre,nl·
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Section 7.1 Theoretical derivation of non-linearity

The non-linearity function, hntdr
, cannot directly be accumulated from the expression set

of (7.14). By means of Fourier Transform the determination of hntdr is discussed in the
subsequent subsection.

Fourier Transform

The technique of Fourier Transform enables us to convert a signa! from the time-domain,
J(t), to the frequency-domain, F(f), and the other way round [29],[30]. This is expressed as
follows

fit) = g--l(F(f)) H F(f) = g-(f(t)) (7.15)

where ftt) is obtained by the inverse fourier transform, .7"1, of F(f), or F(f) by the Fourier
transform, .7; of ftt). The following computation mIes are being used:

af(t) + bg(t) H aF(f) + bG(f)

which describes the linearity feature and

depicts the shift in time principle.

(7.16)

(7.17)

The equations (7.15), (7.16) and (7.17) are applied to (7.14). Then the following set,
describing the frequency-domain of the expanded traces, must be valid

Substraction of Fnl(f) andf"IA(t), results in
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Chapter 7 Linearising the OTDR power response

Ar:' (j) F (j) F (j) = Hnoltdr(j) (1 _ ei21tfto)
llr nl = nl - nl,A

Then the non-linearity function is given by

(7.19)

It is concluded that by means of Fourier Transform we must be able to calculate the non
linearity function, hnrdr

, with the aid of two üTDR traces from the Power Reduction
method. The practical implementation of the algorithm is discussed in the following
section.

7.2 Development of correction algorithm

The deduction of hnt
tdr

, as stressed in the preceding section, has been explored in practice.
By making use of Matlab the algorithm has been experimentally verified. The correction
algorithm, which eventually has been developed, is examined in this section step by step.
The algorithm is applied to the measurements of the Power Reduction method. The data
from the expanded traces from figure 6.9 are used in order to explain the procedure. The
attenuation difference is 0.5 dB.

These are illustrated again in figure 7.1. Due to the larger LSA slope, the expanded traces
are not equal to the ones of figure 6.9. Because of the presence of noise the expanded
traces are filtered first, see figure 7.1. The x-axis is the relative time base, tn's. directly
obtained from the measurement sample number, with Ts the sampling interval. The applied
filter is a discrete-time filter, the so called FIR-filter. The output signal, yen), is expressed
as follows

(7.21)

The individual weights bi' are all chosen to be equal to 1. The filtered signal has been
optimized when using L = 31. By means of a 1024-points Fast Fourier Transform, FFT,
the filtered expanded traces from figure 7.1 are displayed in the frequency domain, see
figures 7.2 and 7.3. The absolute values are shown. Now, the x-axis is the relative
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Figure 7.1: Expanded traces, original and filtered, with int. 2.5 dB and ext. OdB resp.
O.5dB.

frequency base, fit, with t the frequency resolution, which equals

is = A T = NTo s
(7.22)

Here, Ta is the total measurement time and N the number of data samples. Because N is
larger than the number of data samples from the OTDR, here 501, these samples are
followed by zeros, untill the value N for the number of data points is reached. It is clear to
see, that only low frequencies are describing the expanded traces. Therefore, the resulting
non-linearity function, hntd'(n), should be described by these low frequencies. When a
discrete-time signa!, gen), is real, the following expression is valid [31]

G*(k) = G(N-k) => IG(k)1 = IG(N-k)1 (7.23)

G(k) is the FFf of gen), G*(k) the complex conjugated of G(k) and N the number of the
discrete samples (1024 here). k is the relative frequency flfs. Because the OTDR data
samples are real, only half the spectrum is shown in figures 7.2 and 7.3.
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Figure 7.2: Discrete frequency spectrum of the unattenuated expanded trace.
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Figure 7.3: Discrete frequency spectrum of the attenuated expanded trace.
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The non-linearity function is obtained by applying equations (7.19) and (7.20) to the
discrete frequency spectrums presented in figures 7.2 and 7.3. The relative shift tps is
calculated from the mean power difference between the two traces divided by the lsa
slope, of the upper trace, multiplied by the sampling interval, Aotd/(slopelsa Ts) :::::: 67. The
acquired discrete-time signal, hnttd'(n), is shown in figure 7.4 and is obtained from inverse
FPr, IFFT, of Hntd'(k), see figure 7.5. Because the trace with the largest attenuation shifts
the non-linearity function, hn/°td" by to in time, the information of hntd' before t is to is
therefore not present in this trace [31]. Accordingly, hntd'(n) is only valid, and illustrated,
for the relative time samples n, which exceed tps.
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Figure 7.4: The non-linearity function hnJ°tdr(n) (solid) and the expanded traces (dotted and
dashed).

It is clear, that hn/°td'(n) exhibits a periodic function, which is disturbing the signal. This
cannot be explained from the original expanded traces, see figure 7.1. Also Hn/°td'(k), see
figure 7.5, shows astrong deviation from the original spectrums of figures 7.2 and 44. The
peaks in figure 7.5 are initiating the periodic behaviour of hn/°td'(n). This is explained when
we exmamine the filter function, Ffi1te" of equation (7.20). The filter is given by

Ffi1te,(X) = 1. = e-
jxJ2

=cos(xI2)-jsin(xI2) =-2.(1+ j J(7.24)
1 -el" e -jxJ2 -e jxJ2 -2jsin(x/2) 2 tan(x/2)
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Figure 7.5: The frequency spectrum ofHnr'(k).

where 2rrfto is been replaced by x. From (4.8) follows

Amplitude: I 1 I=..: 1 + ( 1 J=..: tan(x/2)2 + 1
1 - e jx 2 tan(x/2) 2 tan(x/2)2

Phase: arg ( 1.) = arctan( + J= 2.(1t -x)
1 - elX ":tan(xl2) 2

2

1
=----

2sin(xl2) (7.25)

The sine-function causes the filter to reach infinity at multiples of the relative frequency,
fl!s=TIto "" 15, see figure 7.6. Due to the discrete frequency intervals, with resolution is,
the peak amplitudes of the filter, F/ilter' are not equal to each other.

The filter is functioning in a correct way in order to compensate M'nl' see equation (7.19).
The term l_ei27tftO is the inverse of the filter. From formu1a (7.24) it is concluded that
lM'nll reaches zero for multiples of the relative frequency, fl!s=TIto' as a result of the
sine-function. Due to the discretisation of the data samples, the M'nl samples are discrete
values which are rounded to the nearest discrete value. Therefore, M'nl cannot be calcu
lated exactly. This effect induces the error peaks shown in figure 7.5.
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Figure 7.6: The discrete spectrum of the filter function, Ffi/",(k).
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Figure 7.7: The discrete spectrum of the mask function, M(k).
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Chapter 7 Linearising the OTDR power response

In order to be able to leave out these unwanted peaks, the filtered frequency spectrum of
figure 7.5 is masked. The goal is to stongly reduce the error peaks amplitudes. Than the
periodic error function, as detected in figure 7.4, is deminished. The masking function,
M(f), is shown in figure 7.7. It is defined as fol1ows

A
A

-1t<1tfto<1t V (n+l)1t-W/2>1tfto>n1t+WI2 ~

n1t - W/2< 1tfto <n1t + W/2

The window size is denoted by W. A value of W is 1tI2 is enough to filter out the
unwanted peaks. This is shown in figure 7.8, which is obtained by masking of the signal
of figure 7.5. Figure 7.9 is now showing the discrete-time relation, hntdr(n), obtained by
IFFT from Bnttdr(k) with and without masking. It is obvious to see, that the periodicity is
filtered out and the original time relation is maintained in the masked situation.
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Figure 7.8: The discrete frequency spectrum of the masked non-linearity function, Hn,o'dr(k).

The correction of the OTDR scale is performed by the substraction of hnl°tdr from the orig
inal traces. It has to be noticed that hnl°tdr is visualized by a time-function, hnl°tdr(n) , in
figure 7.9. In fact, hntdr is dependant on the backscattered power, P, and therefore on the
displayed power, ps. Because the accumulated non-linearity, hnl°tdr(n), is related to the
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Figure 7.9: The discrete-time relation of the non-linearity function, hnrT(n), masked (solid)
and unmasked (dashed).

unattenuated trace, the power base is easily obtained by interchanging of the time-base
samples with the original üTDR backscattered power samples of the unattenuated trace.
Now, the non-linearity function hntdf(ps) has been obtained. All possible üTDR traces, in
the interval between the minimum and maximum ps describing hnttdr(PS), can be
corrected by subtraction of the non-linearity function, with respect to the correct displayed
power level, ps. Equation (7.27) describes the linearisation of the üTDR trace, PS(I).

This relation has been obtained by rewriting equation (7.1). It is clear that the linearised
üTDR trace, PSuil), is equal to the real backscattered power from the fibre, pbsflbre(l),

multiplied by the constant SA and therefore, in theory, comprises no non-linearity from the
üTDR. The results from applying this correction function is discussed in the following
section.
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Chapter 7 Linearising the OTDR power response

7.3 Results from correction algorithm

The correction algorithm has been executed on all the measurement results, obtained with
the Power Reduction setup discussed in the preceding chapter. Typical results acquired
with this algorithm are considered here. The best results are obtained with an attenuation
difference of 0.5 dB between the two üTDR traces. Therefore, A is 0.5 dB in the
following examples. First the results from measurements at 1550 nm are discussed.

The figures 7.10 and 7.11 are showing the accumulated non-linearity functions, hnrdr(n),

and the original expanded traces, /,,/ and fnl,A' acquired by applying the equations (7.4) and
(7.8). A small non-linearity is present in figure 7.10. Therefore, the expanded traces are
not exactly the same. First the non-linearity increases a little, than it decreases. This
explains why fnl,A first exceeds fnl and at smaller backscatter level becomes less than /,,/.
Figure 7.11 is showing a very large non-linearity, which strongly resembles the expanded
trace with ext. 1.5 dB. This is correct, for the expanded trace is fully disturbed by üTDR
non-linearity.

Form these figures we are able to determine the Non-Linearity. The Non-Linearity (lEe) is
defined as the difference between the maximum and minimum values of SA,i' This equals
the difference between the maximum and minimum slope, in dB/dB, of the non-linearity

0.01

0.005

o

1\ -0.005
I

~
~ -0.01

u.. -0.015

-0.02

'" ,-' ',' -'" ..... ".

.... ~".
.'~" ...... ""

./ .......""-.........

/)'
-".

--- -~
-- ....---- \---

..... ---,.....
i ><,

!

./
.... ".,

"'................ '>.,

/
.....

'\,

:

-0.025

-0.03
50 100 150 200 250 300 350 400 450

tffs ->

Figure 7.10: Original expanded traces, int. OdB, (dashed) ext. 4dB, (dotted) ext. 4.5dB, and
resulting hnJ°ldr (solid).
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Figure 7.11: Expanded original traces, int.2.5 dB, (dashed) ext.l.5dB, (dotted) ext.2 dB,
and resulting hntdr (soUd).

function. Therefore, the x-axis is rewritten to power, see figure 6.1, by Lotd/x. Lotdr is calcu
lated by the data number, t/I's' multiplied by the sampling distance, Ds' is 0.04 km. The
mean attenuation coefficient, 0., is equal to 0.190 dBlkm. Then the Non-Linearity values
for figure 7.10 and 7.11 are 0.0057 dB/dB resp. 0.067 dB/dB. The maximum slope of
figure 7.11 is 0.049 dB/dB.

In figure 7.12, the corrected expanded trace and the original trace, are shown. The
corrected trace is obtained from applying equation (7.27). The used hntdr(n) is the same
non-linearity function as shown in figure 7.10. Also the expanded trace is equal to the one
with ext. 4 dB displayed in figure 7.10. Because the non-linearity is small the corrected
and original trace may not differ much. Due to the strong resemblance the corrected trace
is used as reference for the following example.

The reference is also illustrated in figure 7.13. Furthermore, the corrected expanded trace,
acquired from equation (7.27), with OTDR trace int. 2.5dB and ext. 0 dB, is showed
together with the original. It is c1ear, that the corrected one is very much improved with
respect to its' original. The standard deviation between original and reference is 0.012 dB
against 0.001 dB in the corrected situation. The maximum difference is 0.030 dB resp.
0.004 dB.
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Figure 7.12: Original expanded trace (dashed), int. 0 dB, ext. 4 dB, and corrected trace
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corrected trace (solid).
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Also the measurements at 1310 nm are explored. Figure 7.14 is showing a situation com
parabIe to figure 7.12. The corrected trace acts as reference for figure 7.15. Again, the cor
rected expanded trace is showing large improvement with respect to the original. Standard
deviation original - reference is 0.017 dB against 0.003 dB from corrected - reference.
Maximum difference 0.036 dB resp. 0.013 dB.

From all the measurements that have undergone the correction algorithm an improvement
of the standard deviation from the difference between corrected expanded trace and
reference against the original with the reference is obtained. Therefore, the algorithm
improves the OTDR performance. The standard deviations stated here, are typical
examples of possible improvements when the OTDR exhibits strong non-linearity.

Also the repeatability of measurements on the same fibre at different OTDR backscatter
levels is researched on. Therefore, the difference between the two lsa-slopes of the traces
before correction and difference of the slopes after correction are examined. For the
original situation, the standard deviation of the slope differences equals 0.0027 dB/km
with maximum difference 0.0124 dB/km and for the corrected situation 0.0007 dB/km and
maximum difference 0.0022 dB/km. Also here, we see an improvement of the OTDR
performance.

For P.O.F. it is interesting to know, how this non-linearity now really influences the
parameters, accumulated from the Optical Measurement. In order to determine the
deteriorations, the differences from corrected and uncorrected traces to the reference traces
are examined again. Then we obtain the results shown in table 7.1 and 7.2. These results
are obtained from the expanded traces shown in figure 7.13 and 7.15.

Table 7.1: OTVR parameters deteriorations and improvements at 1550 nm.

I Parameter
11

original I corrected I difference I
Curvature 0.030 dB 0.003 dB 0.027 dB

Loss Uniformity <= 0.011 dB/km <= 0.002 dB/km 0.009 dB/km

Backscatter Uniformity <= 0.022 dB/km <= 0.004 dB/km 0.018 dB/km

The Loss Difference and the Loss are not accumulated here.
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Table 7.2: OTDR parameters deteriorations and improvements at 1310 nm.

I Parameter
11

original I corrected I difference I
Curvature 0.031 dB 0.007 dB 0.024 dB

Loss Uniformity <= 0.015 dBIkm <= 0.005 dBIkm 0.010 dBlkm

Backscatter Uniformity <= 0.030 dBIkm <= 0.010 dBlkm 0.020 dBIkm

It is c1ear, that the non-linearity is enlarging the backscatter parameters. They are reduced
by the correction algorithm. The stated deteriorations are worse case situations. Therefore,
the comparison is not completely fair. However, it is showing, that the accumulation of
OTDR parameters may be strongly affected by non-linearity. The Backscatter Uniformity,
BU, is enlarging by a maximum of 0.03 dBIkm (1310 nm). Future specifications will be
approximately 0.04 dBIkm, or even up to 0.02 dBIkm, for BU. This indicates that
improvement of the OTDR influence is essential. In the corrected situation, worse case
situations are typical 0.010 dBIkm (tabIe 7.2), considering BU, which is an improvement
of 0.020 dBIkm. From figure 7.13 and 7.15 it is seen, that the non-linear behaviour of the
corrected traces are shorter in period than uncorrected. Therefore, the typical worsening of
the parameters in practice will be not so large as shown in table 7.1 and 7.2.

It seems that the non-linearity is not completely corrected. However this can be explained
by the non-linearity of the OTDR in the reference expanded trace. Also the masking
function is not altering the frequencies of Ttfto smaller than Tt, because the most character
istic frequencies, describing the non-linearity, are present in this interval, see figures 7.2
and 7.3. Therefore some disturbing discretisation influence can still be present. Moreover,
the correction algorithm is assuming pbSjibre to be proportional with Z, in order to relate the
expanded traces to the time base. It is seen from figure 6.4, that the fibre exhibits a small
non-uniformity, which causes the backscattered power not to be completely proportional to
Z. The OTDR also exhibits astrong non-linearity arising from each beginning of the
measured section, see section 6.2. Because measurements were taken from this instrument,
this effect can eventually generate some interfering in the accumulation of hntdr

•
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Conclusions and
recommendations

It is seen, that the non-linear performance of OTDR instruments not only deteriorate the
repeatability of attenuation measurements on optical fibres, but also strongly contributes to
the inaccurate qualification of non-uniformity parameters on optical fibres. In fact, the
non-linearity specified by the OTDR manufacturers is too high for correct determination of
non-uniformity parameters. With the enforcement of future specifications on non-uniform
ity this effect will cause severe problems when the performance on non-linearity is not
improved.

The external source method enables us to perform a quality control of OTDR devices
according to the lEe standards. With this method Plasma Optical fibre can calibrate
OTDRs in the complete distance and loss scale. Apart from this advantage other main
reasons for choosing this method are its' accuracy, flexibility and the ability for full
automation. With calibration it is possible to correct the OTDR to reference distance scale
and loss scale. However, the non-linear behaviour of the power response needs to be
linearised in order to completely calibrate the loss scale. Therefore, the power reduction
method is applied for the detection of non-linearity.

By the measurement of a uniform fibre the non-linear influence of the OTDR is visualized
by exploring the expanded trace. The expanded trace of an in power reduced measurement
(attenuated) shifts the original non-linearity in distance equal to the applied reference
attenuation in dB divided by the attenuation coefficient of the uniform fibre in dB/km. In
practice however, the fibre is not fully uniform and introduces an additive fluctuation on
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the expanded trace. An expanded trace therefore is influenced by the non-uniformity of the
fibre and by the non-:linearity of the OTDR. This fibre influence is static and the OTDR
influence is dependant on optical power.

This specific behaviour is applied in the theoretical derivation of the OTDRs' non
linearity. Here, the expanded traces are modelled by a time relation. The influence of the
fibre on the expanded traces is cancelled out by substraction of two mutually attenuated
expanded OTDR traces acquired from a highly uniform fibre. Because we are able to
subtract the time-shift of the non-linear behaviour, it is known how the phases and
amplitudes of the frequency spectrums of these time relations will change. The original
non-linearity of the OTDR is then determined by applying a correction filter which is
deduced from the known change in phase and amplitude.

With the use of this non-linearity function the power response is linearised. It is concluded
that the performance of the corrected OTDR is improved with respect to the original
situation. Worst case calculations show the fibre parameters being disturbed within the
future specifications in the corrected situation. Original the Curvature and the Backscatter
Uniformity were calculated outside the specification. This implies the disapproval of
qualified fibres.

Therefore it is recommended to implement a combined calibration-linearisation procedure
for the improvement of OTDR performance in the production department as described in
this report. lust as in normal calibrations this procedure should be repeated once a year.
Because in fact the OTDR specifications are not high enough for accurate measurements
the OTDR manufacturers must be aware of the need for better OTDR instruments.

Before the implementation is executed it is recommended to perform a stability control on
the external source method setup. The detected laser pulse power from the setup is
subrnitted to some fluctuation in time as a consequence of sensitivity on temperature and
by the coupling device which is showing unstable performance. This should be enhanced
before OTDR production instruments are calibrated. Moreover, the lasers which originate
from the chromatic dispersion setup should be properly grounded to guarantee stabIe
optical laser pulses.

81



Acknowledgements

The graduation work presented in this report has been achieved by the support and
cooperation of several persons. Without them it would he impossible for me to perform
the work in the way it was done. Therefore, I owe many thanks to Roland van Laere and
Gerard Kuyt of Plasma Optical Fibre for their confidence in me which they have had
during these 9 months. Also a great deal of appreciation to Hans Mr. Particular Mezger.
He was the one who thought me the most about the theoretical and practical functioning
of optical fibres and measurements.

I thank the other colleagues for making this time somewhat pleasant: Toon grumbling
Langehuize for his social talk, Dinant win-mine Abbink for computerized relaxation (also
my recognition for your comments on my english). Furthermore, recognition to Toon cigar
Reynders, Jan cigar Claes, Rob allé Cremers and Wim Mr. Purchase Biezemans and all
the other ones at Plasma Optical Fibre who helped me during my graduation. At the
Telecommunications division of EVT, faculty of Electrical Engineering, I want to thank
Henri v.d. Boom for reviewing my draft versions and Bert Niessen for his helpfulness.
From the faculty of Mathematics I appreciate the spontaneous support from Mr.
Termorsche on Fourier matters.

At last but surely not the least I am very very grateful to my parents, Leo and Riek
Vullers, for always guiding me to the right track when I was somewhat lost. Not only
during this graduation work, but during the whole education at EVT I could trust on your
understanding when I needed it. Thank you. Also lot's of appreciation to Chantal
Saelmans for your patience and support.

82



References

[1] Barnoski, M.K. and S.M. Jensen, "Fiber waveguides: a novel technique for
investigating attenuation characteristics". Applied Optics, Vol. 15 (1976), No. 19,
P. 2112-2115.

[2] Danielson, B.L., "Backscatter measurements on optical fibers". Boulder, U.S.A:
U.S. Department Of Commerce, 1981. NBS Technical Note 1034.

[3] Beller, J., "A high performance signal processing system for the HP 8146A optical
time-domain reflectometer". Hewlett-Packard Journal, Feb. 1993, P. 63-71.

[4] Hentschel, c., "Fiber optics handbook: An introduction and reference guide to fiber
optic technology and measurement techniques", 3rd ed. Germany: Hewlett Packard
Company, 1989.

[5] Danielson, B.L., "An assesment of the backscatter technique as a means for
estimating loss in optical waveguides". Boulder, U.S.A: U.S. Department Of
Commerce, 1980. NBS Technical Note 1018.

[6] Brinkmeyer, E., "Backscattering in single-mode fibres". Electronics Letters, Vol. 16
(1980), No. 9, P. 329-330.

[7] Hartog, A.H. and M.P. Gold, "On the theory of backscattering in single-mode
optical fibers". Joumal Of Lightwave Technology, Vol. 2 (1984), No. 2, P. 76-82.

[8] Neumann, E.G., "Analyses of the backscattering method for testing optical fiber
cables". AEÜ, Vol. 34 (1980), No. 4, P. 157-160.

83



References

[9] Danielson, RL., "Optical time-domain reflectometer and calibration studies".
Boulder, U.S.A: U.S. Department Of Commerce, 1983. NBS Technical Note 1065.

[10] Hentschel, c., "German comments to 86(Secretariat)49". Böblingen, Germany:
Hewlett Packard, 1994.

[11] Tateda, M. and T. Horiguchi,"Advances In optical time domain reflectometry".
Joumal Of Lightwave Technology, Vol. 7 (1989), No. 8, P. 1217-1224.

[12] Harteveld, A., "Polarisatie gevoeligheid van single mode OTDR's". Tijdschrift van
het Nederlands Elektronika- en Radiogenoorschap, Vol. 59 (1994), No. 2, P. 67-70.

[13] Artiglia, M., "COST 217 intercomparison of OTDR measurements on single-mode
fibres". In: Technical Digest-Symposium on Optical Fiber Measurements, 1992, P.
179-182.

[14] Rybach, J., "LWL-Rückstreume~technik: Wie genau ist das OTDR?". ntz. Bd., Vol.
44 (1991), No. 8, P. 558-563.

[15] Möller, W. and W. Heitmann, M. Reich, "OTDR calibration for attenuation
measurement". In: Proceedings of the SPIE, Vol. 1504 (1991), Fiber-Optic Metrol
ogy And Standards, P. 47-54.

[16] Reich, M., "Novel method for linearising the power response of optical time
domain reflectometers". Electronics Letters, Vol. 26 (1990), No. 14, P. 1029-1030.

[17] Möller, W. and Hünerhoff, D., Hube, K., "Kalibrierung der dämpfungsskala von
OTDR-geräten". Kleinbeubacher Berichte, Vol. 35 (1992), P. 465-473.

[18] "Calibration Of Optical Time-Domain Reflectometers". Preliminary draft, U.S.A.:
IEC, 1991.

[19] Stöcklein, W. and W. Rutzen, C. Unger, "Comparison of different calibration
methods of Optical Time Domain .Reflectometers". In: Proceedings of the Optical
Fibre Measurement Conference, Liège, Belgium: 1995.

[20] Kuyt, G., "Aanpassing nieuwe specificaties". Eindhoven: Plasma Optical Fibre,
1994. Internal memorandum, No. OF-SA 94/4554.

84



References

[21] "Samenvatting uitvalgegevens en optische en geometrische parameters, produktie 
Ie kwartaal 1995". Eindhoven: Plasma Optical Fibre, 1995. Internal Report, OF-QA
951109.

[22] "Calibration of optical time-domain reflectometers". IEC 86(Secretariat)49,
Committee draft, Switzerland: IEC, 1994.

[23] ISO, "Guide to the expression of uncertainty in measurement", Ist ed. Switzerland:
ISO, 1993.

[24] Gauthier, P.R., "French proposal for IECrrC 86/WG4 4 OTDR calibration". In:
Proceedings of the SPIE, Vol. 1504 (1991), Fiber-Optic Metrology And Standards,
P.55-65.

[25] Foucalt, M. and J.L. Kemystetter, "Optical time-domain calibration device". CPEM
1988 DIGEST.

[26] Ives, D.J. and R.L. Palmer, B. Walker, "OTDR calibration device based on
recirculating optical delay line". Electronics Letters, Vol. 27 (1991), No. 4, P. 342
343.

[27] Walker, B., "Certificate of calibration, optical time-domain reflectometer".
Teddington, UK: National Physical Laboratory, 1992.

[28] "Calibration of Optical Time Domain Reflectometers". Working document,
Boulder: IEC, 1993.

[29] Papoulis, A, "Signal Analysis". New York: Mc Graw-Hill, 1977.

[30] Kreyzig, E., "Advanced Engineering Mathematics". New York: John Wiley &
Sons. Sixth edition.

[31] Enden, AW.M. van den and N.AM. Verhoeckx, "Digitale signaalbewerking".
London: Prentice Hall, 1987.

85



Appendix A

Uncertainty in distance
calibration

Extern souree

The location readout uncertainty, chreadout' is calculated by determining the experimental
standard deviation from the population given by the values of Mi deviating from the fit.
This leads to

0' =
L""""",

t (Mi -Mi,fiY
i=1 n - I

(A.I)

with n the number of measurement samples. It is evident that 0'Lreadout does not depend on
the reference location. Therefore this expression also holds for the other calibration
methods.

O't.SL and 0'Jlli] are estimated with use of the law for the propagation of uncertainty [6]:

(A.2)

Here, Xi is an input estimate of the function y=j(x]>x2,...,XN) and O'iy) the combined
standard uncertainty of the output estimate y. In fact 0'Jlli] is mainly determined by the
uncertainty of the data points closest to the axis of the location errors, because Ma
approximates the first obtained Mi' So the influence of the uncertainty O'Ti may then be
neglected. Also Ti approximates zero in this case. Therefore with use of the formulas (14),
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Appendix A Uncertainty in distance calibration

(16) and (A2) the next expression may be derived:

A (A3)

In this expression cJr.otdr is the uncertainty in determining L; for only the points near the
reference axis. In fact it is the location readout uncertainty for the points near this axis.
(JTdelay is the uncertainty of the insertion delay T delay' It depends on the accuracy of the
Timer Counter.

I:1SL is approximated by the slope of the error function fit. This slope is only calculated
from the distances between the reference settings, Ti' and the measured distances. So the
influence of Tdelay to (JML is equal to zero. Formula (14) describes the fit. Together with
formula (16) and (A2) the following expression for (JML is obtained:

(JM =
L A si ". 1 A aT de1ay ". T de1ay

aT; Ti

(AA)

The first term describes the slope uncertainty of I:1SL due to (JLreadout and the reference
location L ref• The second term represents the slope uncertainty caused by the relative
timing uncertainty of the Delay Generator. Because in practice the Delay Generator is
more inaccurate than the Timer-Counter, the Timer-Counter is applied for the determina
tion of the reference delay settings Tj • Consequently, the second term in formula (AA)
embodies the relative timing uncertainty of the Timer-Counter.

Concatenated fibre

For the concatenated fibre method the estimated (JLreadout is obtained in the same way as in
the previous method. For (JML and (JtlliJ other relationships are derived because this method
is also dependent on different reference uncertainties. Because the feature on the OTDR
sensing the end of Fibre A is relative close to the vertical axis of the data set, with respect
to the reflecting end of Fibre B, the calculation of (JtlliJ is mainly determined by the
uncertainty of the location measurement of the end of Fibre A. The influence of Fibre B is
neglected. Therefore with the use of formula (14) and (A2) for (JtlliJ is derived:

(JJiL =
o
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Appendix A Uncertainty in distance calibration

aTA itself consists of the uncertainties caused by the measurement timing uncertainty, the
wavelength uncertainty and temperature influences.

The slope SL is strictly speaking determined by the difference between the measured
locations C3 and C2 devided by the reference distance between C3 and C2. This is the
same as deviding the measured length of Fibre B devided by the reference length LB

(calculated from the transit time TB). Therefore a TA has no influence on at.sL" Applying the
formulas (14) and (A.2) and Lrerc(TA+TB)IN we derive the following relation for at.sL:

at.s =
L A si>= I A (A.6)

Again, the first term is the slope uneertainty due to aLreadout and L ref. aTB is the transit time
uneertainty of Fibre B, dependent on the same parameters as aTA .

Recirculating delay line

Again, expression (A.I) is valid for the loeation readout uneertainty, aLreadout' Beeause M o
mainly depends on the data points c10sest to the vertieal axis the eombined uneertainty
aM.J) is assumed not to be influeneed by the Fibre Loop. Therefore the next expression
(A.?) is derived from the formulas (14), (A.2) and (18).

A
(A.?)

aTlead-in is the uneertainty of the transit time of the Lead-in Fibre. Similar to the preeeding
procedure aT/ead-in is a combination of the measurement timing uneertainty, the wave1ength
uneertainty and temperature influenees whieh are determined by the transit time measure
ment setup.

The Lead-in Fibre has no influenee on the determination of SL and M L. The distanee seale
uneertainty, at.sL' given by (A.8) has been derived with use of (14), (A.2) and (18).

(a J (a JLol'" + T..",

L ref T loop
A si >= I A aTlead-in >=

aTloop

Tlead-in

Tloop

(A.8)

aT/oop is the uneertainty of the loop transit time.
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Appendix B

Uncertainty in loss calibration

The calculation of the loss deviation uncertainty, a L1SA,i' is executed with the help of
formula (19) and (A.2) and the approximation Aotdr,,=Are!' The next expression is derived:

= J(a;.nf + a~.J
Are!

(B.l)

This expression holds for every loss calibration method. It will be c1ear, that the uncer
tainty of the reference loss, a Are!, and the uncertainty of the measured OTDR loss, aAotdr, i'

are the only possible contributions to a L1SA,i' These uncertainties are dependent on the
specific reference used. By c1arifying the determination of a Are! and aAotdr,i for each method,
a L1SA,i can be computed.

Fibre Standard

The contributions to a Are! for the Fibre Standard method are the loss uncertainty of the
Fibre Standard, a Astd' itself and the uncertainty by not using the full length of the fibre,
a Adistance' a Astd is originating from the measurement setup uncertainty for measuring the loss
of the fibre (e.g. temperature influences or uncertainty À-centre). aAdistance originates from the
non-uniformity of the fibre. Because only a section of the fibre is measured by the OTDR
the attenuation coefficient of this section can differ from the attenuation coefficient of the
complete fibre. Therefore a very uniform fibre is needed.

aAotdr, i is influenced by noise and by the possible polarisation dependence of the OTDR.
The uncertainty due to noise, aAnoise,i' increases with decreasing power level. Therefore it is
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calculated for each measurement sample. The polarisation dependence uncertainty, (JApo/' is
constant. It is determined by executing a polarisation dependence test [2]. Another
contribution is the wavelength uncertainty, (JAÀ.' which originates from the possible
difference of Acentre from the OTDR and Acentre used in determining the loss of the Fibre
Standard. Influences from deadzone effects are neglected. This is only valid when no
measurements of Aotdr.i are executed within the deadzone.

External Souree

Because the External Source method applies a reference loss, A reft with means of an
attenuator, (jAre! depends on the accuracy of this attenuator and on the accuracy of the
calibration method for calibrating this instrument. This last contributor is called (JAca/ and
originates from the uncertainty of the setup for calibrating the attenuator (comparable to
(JAstd of the Fibre Standard). The uncertainty of the attenuator is introduced by the
instability and reproducibility of the attenuation step. Together with the possible instability
of other external influences (e.g. stability EIO converter) these are denoted by (JAstep'

Again the OTDR uncertainty, (JAotdr.i' is influenced by (JAnoise.i and (JAÀ.' Now (JAÀ. is present
due to the difference between the centre wave1engths of the OTDR and the EIO converter.
The setup isn't influenced by any polarisation dependency because the State Of
Polarisation, SOP, remains unchanged.

Splice Simulator

With the Splice Simulator method the contributions to (JAre! are arising from the measure
ment uncertainty in determining Are! and the non-uniformity of the fibres (analogous to
Fibre Standard). Contributions to the OTDR uncertainty, (JAotdr.i' are (JAÀ. and (JAnoise, i and
uncertainty introduced by inaccurate determination of the reference event. Aspecific
e1aboration of this uncertainty is stated in the IEC document [2].

Power Reduction

The uncertainties which are present in the Long Fibre alternative are very much alike to
the uncertainties of the External Source method. Again, the attenuator is used as reference.
Therefore (jAre! influenced by (JAcal and (JAstep' Even (JAotdr.i consists of the same uncertainties,

(JAnoise.i and (JAÀ.·
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