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Abstract

This thesis is based on a research project to monitor the temperature
profile along a power cable using the fibre optic Distributed
Temperature Sensing (DTS) technology. Based on the temperature
measured by a DTS system, real time condition monitoring of power
cables can be achieved.
In this thesis, there are three main research themes.
1. Develop a DTS system for industrial applications. The entire
hardware system and measuring software are developed to be an
industrial product. Multiple functions are provided for the
convenience of users to conduct temperature monitoring, temperature
history logging and off-line simulation.
2. Enhance the robustness of the DTS system. An algorithm for signal
compensation is developed to eliminate the signal fluctuation due to
disturbance from the hardware and its working environment. It ensures
robustness of the system in industrial environments and applicability
to different system configurations.
3. Improve the accuracy of the DTS system. A calibration algorithm
based on cubic spline fitting is developed to cope with non-uniform
fibre loss in the system, which greatly improved the accuracy of the
temperature decoding in real applications with unavoidable nonlinear

characteristics.
The developed DTS system and the algorithms have been verified by
continuous experiments for about one year and achieved a temperature
resolution of 0.1 degree Celsius, a spatial resolution of 1 meter, and a
maximum error of 2 degree Celsius in an optic fibre with the length of
2910 metres.
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Chapter 1

Introduction
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1.1 Background

Temperature is a physical property of matter that quantitatively expresses the
common notions of hot and cold. Many physical phenomena and chemical
processes must be carried out at a certain temperature, and the people's daily life is
also closely related to temperature. From the viewpoint of thermodynamics, the
temperature of a substance typically varies with the average speed of the particles
that it contains, raised to the second power; that is, it is proportional to the mean
kinetic energy of its constituent particles. Formally, temperature is defined as the
derivative of the internal energy with respect to the entropy.
The measurement of temperature has long been an important issue in scientific
research. The classical electric-based temperature sensors like the thermocouple,
thermistor and pyroelectric detector have been well developed and applied in
industrial projects and products. However, they have their intrinsic drawbacks:
they are not suitable for continuous temperature profile measurement and they
suffer from electric-magnetic noise for long distance measurement. Also, they are
neither cost effective nor small in size.
The Distributed Temperature Sensing (DTS) system using optical fibres is an
emerging technology. Compared with the sensors mentioned above, the optical
fibre, the sensing mechanism as well as the transmission medium, has some
intrinsic advantages: small, light, flexible, insulation, corrosion-resistant, long
sensing range and good sensitivity. In addition, in scientific research and industrial
2

applications, sometimes distributed temperature profiles are required [1], for
instance, the temperature profile along long-distance oil pipes or power
transmission lines, the temperature profile within large power transformers, the
temperature profiles of bridge, dike, warehouse, building, high-pressure container,
spacecraft, etc. [2] [3]. Traditionally, temperature profiles are obtained by a system
composed of a multi-point sensor array, using interpolation technology to
reconstruct the continuous profile. It is obvious that this is a very expensive
solution for long-distance measurement and the discrete temperature sensing
results in significant temperature error at the positions far away from the sensing
points, making the temperature profile unreliable. However, with a DTS system,
the temperature profile along the optical fibre is measured in real time with an
electrically controlled spatial resolution. This is extremely useful for research and
applications that need to measure the distributed temperature of an area in a long
run, such as lake water temperature monitoring, or road tunnel fire detection.
In this thesis, a DTS system for power cables and overhead transmission lines
monitoring is developed. By measuring distributed temperature profile, working
conditions of high voltage power cables can be evaluated in real-time, such as to
locate hotspots, alarm on overheating, and measure power load. Presently, the
measurement is done by a large number of point temperature sensors attached
along a power cable. The sensors work independently and can only approximate
temperature near them by interpolation. Once a sensor breaks down, there is no
way to obtain the temperature profile at the points near the sensor. The crosstalk
3

interference and maintenance can also be problems. Fibre optic based distributed
temperature sensing is particularly suitable for such applications.

1.2 Problems and Objectives

To develop such a system, we must consider the following problems we will have
to face.
1. Robustness of the system. The system is developed for the temperature
measurement along a power cable, hence the robustness of the system is very
important. The DTS system must be highly compatible with different
hardware and tolerant of disturbances. On one hand, the system is supposed to
function correctly with different configurations of the DTS system. In real
applications, it is highly possible that components with better performance will
replace the previous ones; therefore the algorithm must be compatible with
different hardware platforms. On the other hand, due to its long-distance and
small-signal nature, the perceived signals in the system fluctuate all the time,
which must be compensated to eliminate the disturbance. Therefore, an
algorithm to compensate the signals must be developed to ensure the
robustness of the system.
2. Accuracy of the system. The temperature profile along the power cable aims to
prevent abnormal events. Therefore, accurate temperature decoding is another
4

core objective. In the real applications, the working environment of optical
fibre can be very complicated, and the fibre loss is very likely to become
non-uniform due to local pressure, aging and splice points, which must be
calibrated to obtain the correct temperature profile. The power variations of the
laser source and the fluctuation introduced by APD must be corrected as well.
The calibration process must be easy to carry out, and have a good
repeatability for further calibration.
To sum up, the main objectives of this thesis is to develop a robust DTS system
that is highly compatible of different configurations, with small measurement
errors and easy calibration method.

1.3 Thesis Contributions

In the DTS field, this thesis has made its contributions to achieve the objectives
presented above.
A signal compensation algorithm is developed for the DTS system to enhance the
robustness. From the results of the experiments, the DTS system is highly
compatible with different optical fibres and optical components. The fluctuation of
the signal, which can not be eliminated in the hardware, is compensated in the
software, which ensures a robust system for temperature measurement.
A calibration algorithm based on cubic spline fitting is developed to improve the
5

accuracy of the temperature decoding. The non-uniformity of the fibre loss is
calibrated and the accuracy of the temperature is consistent as the distance
increases. A re-calibration after a specific period will correct the error introduced
by the optical fibre within the period.
A complete DTS system with real-time monitoring, alarming, temperature history
logging and off-line simulating function is developed. They are implemented as
user-friendly GUI. Experiments have proved the robustness and the accuracy of
the system after running for a year.

1.4 Thesis Organization

The rest of the thesis is composed of five chapters. The main contents can be
summarized as follows:
Chapter 2: A comprehensive literature review of DTS technology. The history and
current research on DTS technology are reviewed, the DTS principles are
presented, the temperature decoding and calibration algorithm are discussed, and
some of the existing DTS applications are reviewed.
Chapter 3: A description of the designed DTS system. In this chapter,
requirements are discussed and analysed. A DTS system is designed to fulfill the
requirements.
Chapter 4: A description of DTS algorithms and realization. The algorithms of
6

compensation, calibration and temperature decoding are presented.
Chapter 5: A description of software development. Software with real-time
temperature monitoring, alarming, temperature history logging and off-line
simulation is presented.
The last chapter is an overall summary of this thesis. It concludes the results of this
developed DTS system. Further work is discussed at the end.

7

Chapter 2

Background Knowledge and
Literature Review
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2.1 Thermometer and Temperature Sensing

Temperature is an important and ubiquitous parameter in scientific research as
well as people’s lives. Thermometer, as the name suggests, is used to measure
temperature. Developed during the 16th and 17th centuries, a thermometer (from
the Greek θερμός (thermo) meaning "warm" and meter, "to measure") is a device
that measures temperature or temperature gradient using a variety of different
principles [4].
However, different from what we use in our daily life, there are several kinds of
thermometers that are used in the technological field, for the purpose of precision,
integration and digitization. They are temperature sensors.

2.1.1 Single Point Temperature Sensors

Single point temperature sensors can measure the temperature around the sensing
component. To date, the most popular single point temperature sensors used are
Electrical Resistance Thermometers and Thermocouples [5].

2.1.2 Distributed Temperature Sensors

The major difference between distributed temperature sensors (DTS) and single
point temperature sensors are spatial continuity of the temperature profile. While
9

the single point temperature sensors can only measure temperature at individual
points, the DTS, in which an optical fibre is used as the main sensing medium, can
achieve the entire temperature profile along the fibre.

2.2 History of Distributed Temperature Sensing

Before distributed temperature sensors appeared, monitoring the temperature in an
area or over a distance was a difficult task to be accomplished. At that time, several
single point temperature sensors were combined to comprise a “Multi-Point
Temperature Sensor”. In such a system, temperature data from different sensors
are collected to represent the temperature in different part of the area, and the
entire temperature profile is generated using data fusion [6].
The temperature profile generated is not necessarily the “true” temperature profile
all over the area. In an area other than where the temperature sensors are located,
the temperature is “interpolated” rather than “measured”, hence the performance
of the system could be greatly limited due to insufficient information obtained
from a very limited number of discrete sensors.
In 1983, Hartog et al. implemented the first reported distributed temperature
sensor [7]. The temperature was measured using a liquid core optical fibre. Later
in 1985, Dakin et al. successfully implemented a DTS system using a solid core
optical fibre and a light source [8]. Measurement of the temperature measurement
10

along a 200m optical fibre was achieved, but the research stayed at experimental
stage, and no specifications are given. As the research on DTS was carried on, an
up-to-date DTS system can achieve 1 cm spatial resolution in a short optical fibre
(20m) [9], or 10 cm spatial resolution and 1 degree temporature resolution in a
middle distance optical fibre (131m) [10], or 0.6 degree temporal resolution in
long range sensing (75km) [11].
There are also a number of commercial DTS products for monitoring use. They are
widely used in fire detection, power cable monitoring and leakage detection [12]
[13] [14]. Fig. 2.1 shows a pipeline leakage detection system from GESO.

Fig 2. 1 Pipeline leakage detection system using DTS. In case of a gas pipeline
leakage a cold spot occurs (Joule Thomson effect). Leaks in a chemical pipe are
typically recognized by a hot spot.

2.3 DTS Principle
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2.3.1 Light in the Optical Fibre

The majority of Distributed Monitoring Systems are based on the Optical Time
Domain Reflectometry (OTDR) principle [15]. Fig. 2.2 shows the principle of
OTDR: the incident light emitted by the laser source enters into an optical fibre,
and is transmitted by total reflection. At every reflection point, a small portion of
light is scattered and transmitted backwards to the start of the fibre. The back
scattered light received at the start point of the fibre as a time sequence can
determine the distance from starting point from the time of flight principle.

Optic Fibre

Fig 2. 2 OTDR Principle
(Blue line: incident and reflected light; red line: scattered light)
The speed of light in the optical fibre is slower than in vacuum because of the
refraction index of the optical fibre is greater than 1. The speed of light in an
optical fibre is described by equation 2-1,

2-1
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Where v is the velocity of light in the optical fibre, c is the speed of light, which is
approximately equal to 3×108 m/s, and n is the refractive index of the optical glass
fibre, with a typical value of 1.5.
In order to collect the back scattered light at different points along the fibre, the
back scattered light, which propagates backward to the start of the fibre, must be
measured in time sequence. Equation 2-2 described the relationship between the
measured time and the spatial distance of a signal.

2-2

Where z is the distance from the start point of the optical fibre, t is the time after
the launch of light pulse, and v is the velocity of light in the optical fibre.
Therefore, by logging the data in time sequence, the intensity of the back scattered
lights at all points along the fibre can be calculated.

2.3.2 Raman Scattering

The light generated by the laser source has almost a single wavelength. When it is
propagating in the optical fibre, two effects happen: reflection and scattering [16].
The total reflection does not change the direction and wavelength of the incident
light, and the major part of the light, of which the wavelength is the same as the
light generated by the laser source, is called Rayleigh Light. However, the Raman
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Scattering [17] effect produces several different components which are
wavelength-shifted. Fig. 2.3 shows the Raman Scattering effect [18].

Fig 2. 3 Raman Scattering

After Raman Scattering, a small portion of the incident light has turned into two
different forms: Raman Light and Brillouin Light, both of which are
wavelength-shifted [19] [20] [21]. The Brillouin bands are close to the Rayleigh
band, and therefore are difficult to separate. The Raman bands are composed by
two components: Anti-Stokes which is lower in wavelength (blue-shifted) and
Stokes which is higher in wavelength (red-shifted).
These two signals are used to extract temperature information. The Rayleigh and
Stokes signals are only weakly related to temperature, while the Anti-Stokes signal
is strongly dependent on temperature. Therefore, it is possible to decode the
temperature from the Rayleigh and Raman signals.
The Raman scattering depends upon the polarizability of the molecules [22].
When the incident light collides with the medium with polarisable molecules, the
14

incident photon energy can excite vibrational modes of the molecules of the
medium, leading to scattered photons that are diminished in energy. Thus, the
scattered lights could contain wavelength-shifted light.
The Raman Effect is widely applied in scientific applications. Since different
molecules will generate different Raman lines, the Raman Effect is widely used in
element identification and detection. For example, the Raman Effect is used for
remote detection and analysis of atmospheric pollution by H. Inaba et, al., in which
the pollutant can generate unique spectral line in Raman scattering [23]. In another
application, the Raman Effect was used to identify minerals from lunar soil [24].

2.4 Temperature Decoding

In DTS systems, the useful information is the back-scattered light from the optical
fibre, containing several components of different types of light: Rayleigh light,
Raman light, etc. The Anti-Stokes light, which is one of the Raman components, is
strongly temperature dependent. Therefore, there are 3 different methods to
decode the temperature, using different components of the back-scattered light.

2.4.1 Temperature decoding using Anti-Stokes light and Stokes light

The Raman back-scattered light is composed of Stokes light, which is red-shifted,
and Anti-Stokes light, which is blue-shifted. The Anti-Stokes light is strongly
15

temperature dependent while the Stokes light is only weakly temperature
dependent. Fig. 2.4 shows the phenomenon.

Fig 2. 4 Temperature dependence of Anti-Stokes and Stokes light

Fig. 2.4 shows the intensities of Anti-Stokes and Stokes light along a 5.5 km
optical fibre at different temperatures, with horizontal axis for distance and
vertical axis for the intensities of the two components. It clearly shows when the
temperature changes from 30 degree Celsius to 50 degree Celsius, the Stokes (blue
and green curves) only have a small change but the Anti-Stokes (red and black
curves) have a significant change, which shows the temperature dependence of the
two components.
The intensity of Anti-Stokes light is represented by equation 2-3,

2-3
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And the intensity of Stokes light is represented by equation 2-4,

2-4

where Ca, Cs are constants, αs, αa, αr are respectively the attenuation factors of
Stokes, Anti-Stokes and Rayleigh lights within the optical fibre, z is distance from
start and T is the local temperature. Ra(T) and Rs(T) are functions related to the
local temperature, which are determined by equation 2-5 and 2-6

2-5

2-6

Where h is the Planck’s constant, Ω is the red or blue shifted angular frequency and
k is the Boltzmann constant.
By dividing equation 2-3 with equation 2-4 we can get equation 2-7,

2-7

By transforming equation 2-7, we can finally get equation 2-8,
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2-8

Therefore, with the intensity of the Anti-Stokes and Stokes light as well as the
distance from the start, the local temperature can be calculated.
In short to middle distance, the temperature profile can be calculated by a simpler
equation which is the Taylor approximation of equation 2-8:

2-9

In most research and applications of DTS systems, the Anti-Stokes/Stokes method
is used. This is the most conventional method for temperature decoding.

2.4.2 Temperature decoding using Anti-Stokes light and Rayleigh light

In the early stage of research on DTS systems, the performance of hardware was
not satisfactory for temperature measurement. Since the Raman signals are 20-30
db weaker than the Rayleigh signal [25], and within the Raman signals, the
Anti-Stokes signal is several ten times weaker than the Stokes signal, the
acquisition of the Anti-Stokes signal is very difficult. In order to maximize the
intensity of the Anti-Stokes signal, which is temperature dependent, the entire
back-scattered signal has to be filtered to obtain the Anti-Stokes signal. And the
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temperature is decoded from the Anti-Stokes signal, and the Rayleigh signal,
which is not temperature dependent [26].
The ratio of the Anti-Stokes signal and the Rayleigh signal is written in equation
2-10 [27],

2-10

The temperature can be calculated accordingly.

2.4.3 Temperature decoding using Anti-Stokes light only

According to equation 2-3, the Anti-Stokes light is strongly dependent on the local
temperature. Therefore, the signal itself contains the information for the
temperature decoding and can be used to decode temperature. Soto, M.A. et al
implemented a DTS system using Anti-Stokes light only [28]. A loop scheme of
optical fibre is used instead of the conventional single-ended optical fibre. The
system has a simple system structure; however, the stability of the system should
be carefully maintained for robust temperature sensing. Fig. 2.5 shows
temperature decoding in this system [28].
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Fig 2. 5 Temperature sensing using Anti-Stokes light only, at different
temperatures [28]

2.4.4 Comparison of different decoding methods

The 3 different decoding methods, limited by their inherent properties, all have
their advantages and disadvantages.
The Anti-Stokes/Stokes method is the most conventional method and is widely
applied in academic research, as well as industrial products. The temperature is
only related to the ratio of the two signals and the fibre loss. With a well-fitted
filter and elaborate calibration of the fibre loss, the temperature accuracy can be
satisfactory. However, decoding with two Raman signals means the filters and
relevant devices are doubled at the same time, which increases the complexity of a
system. At the same time, since the Raman signals are far weaker than the
Rayleigh signal in the back-scattered light, the filters for the Raman signals should
be well-matched and have an adequate filter gain. If the filter windows do not
match with the Raman signals frequencies very well, the system would not get the
20

correct information, leading to a malfunctioning system even with a good
calibration.
The Anti-Stokes/Rayleigh system, which used the entire back-scattered signal for
the filtering of Anti-Stokes signal, can get an Anti-Stokes signal of better quality
[29]. At the same time, the Rayleigh signal, which is the major component of the
back-scattered light, is a good reference signal with no temperature dependency.
Therefore, the signal to noise ratio and the temperature sensitivity of this system
are more satisfactory. In the early stage research, when the optical filters were of
high cost and the performances were not satisfactory, the Anti-Stokes/Rayleigh
method could achieve better performance.
Although the performance is sufficient in the short to middle range, the system is
easily affected by the variation of the fibre loss along the fibre. According to
equation 2-10, the fibre loss of the signals are determined by the decay constants of
the Anti-Stokes light and Rayleigh light within the fibre, which is easily affected
by the inconsistent fibre loss caused by strain, pressure on the fibre as well as the
loss caused by connections. In addition, with the optical filters nowadays
cost-effective and of better performance, the advantages of this method are
becoming less attractive.
The Anti-Stokes only systems have simple structures, which reduce the cost of the
entire system. By applying a loop scheme the system could be self-calibrated and
avoid calculating the fibre loss, which make the system more accurate and robust.
The disadvantages of the system are making the system more complex, which also
21

increases the cost of the system. The stability of the system should also be
controlled because the Anti-Stokes signal without reference signals is easily
affected by variation of the laser source and the filter.

2.5 Calibration of a DTS system

Before a DTS system can work, the parameters used to calculate the temperature
profile from the back-scattered signals should be determined by calibration. In
general, there are two types of calibration: conventional calibration and selfcalibration.

2.5.1 Conventional calibration of a DTS system

Take the Anti-Stokes/Stokes decoding method as an example. From equation 2-9,
the local temperature at distance z could be calculated from the ratio of
Anti-Stokes and Stokes signals, with the decay constants, gain and shift known.
Therefore, the target of the calibration is to find out the best αs, αa (decay
constants), m (gain) and C (shift).
To carry out the calibration procedure, the optical fibre should be placed in a
temperature controlled environment. When the temperature of the optical fibre is
steady, the ratio of the Anti-Stokes and Stokes signals are recorded as R (z, T),
which is a function of the distance z and temperature T. The temperature interval
22

could be any value but best to be the same. For example, temperature can be set
from 0 degree Celsius to 100 degree Celsius, with an interval of 10 degree Celsius.
Then the fibre loss is calibrated. As the light components decay exponentially
within the fibre, the ratio of the two signals with the same temperature but at
different distance could be described by equation 2-11,

2-11

Where R (T) is the recorded ratio with fibre loss, R0 is the expected ratio signal
without fibre loss, which should be the same at different distances z at the same
temperature. Taking the logarithm on both sides, we can get equation 2-12,

2-12

If a sequence of recorded R (T, z), where the temperature is the same but the
distance is varying from the start to the end of the fibre, is taken, the z-R (T) can
form into a point pair sequence, in which the least square estimation can be applied.
Therefore, the decay index “a” can be estimated. Fig. 2.6 shows an example of the
estimation of the decay index.
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Fig 2. 6 Estimation of decay index

In the figure, the horizontal axis is the distance from start, and the vertical axis is
the ratio of Anti-Stokes and Stokes signal after logarithm. And the data is recorded
when the entire fibre is at 50 degree Celsius. If the fibre loss is not taken into
account, the ratio should be uniform as the temperature is the same all along the
fibre. However, the z-R (T) line is dropping because of the exponential decay
within the fibre. By applying a least square fitting from equation 2-12, the decay
index “a” is estimated and the estimated z-log(R (T)) in Fig.2.6 indicates that the
exponential decay model can represent the actual decay very well. Here we can
note that, only with an ideal fibre of which the decay constant could stay uniformly
for the entire fibre, the decay characteristic of the fibre could be represented by a
single parameter. However, when it comes to an industrial application, the decay
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characteristic is often affected by the strain, pressure and connections, and it is
difficult to maintain its uniform characteristics. Under such circumstances, more
sophisticated calibration methods have to be used, which will be discussed later.
After the decay constant “a” is estimated, the gain “m” and the shift “c” could be
calibrated by the known temperatures. While the decay constant represents the
decay feature of the fibre, the gain and the shift represent the relation between the
signals ratio and the temperature. According to 2-9, if the decay index is given, the
parameters needed to be calibrated are the gain and the shift. In order to estimate
these two parameters, R(T)-T point pairs need to be generated, where the z should
stay not changed. For example, if a certain z0 is chosen, apply the estimated decay
index, and choose the corresponding R(T) with in different temperature, and the
R(T)-T point pair sequence is generated. Now the equation is R(T) as variable and
T as function, which is described in 2-13,

2-13

By applying another least square estimation, the gain “m” and the shift “C” could
be estimated. When the 3 parameters are calibrated, the temperature at distance z
could be calculated only by the ratio of the Anti-Stokes and Stokes at distance z.
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2.5.2 Self-Calibration DTS system

As mentioned above, the characteristic of fibre loss is assumed to be uniform and
is represented by a decay index “a”. In ideal cases this assumption is correct, but
when it comes to practice in industrial applications, where the environments are
far more complex than the laboratory, this assumption as to the fibre
characteristics could be incorrect. The fibre loss could be affected by the strain,
pressure on the fibre and the optical connections as well, which means that the
fibre loss, a, should also be described as a function of distance, which makes the
calculation and calibration more complicated. Fig. 2.7 shows inconsistent fibre
loss within a fibre [30].

Fig 2. 7 Inconsistent fibre loss within the optical fibre [30]

The signals are expected to decay exponentially within the fibre, which result in a
linear attenuation in dB. However, at the points indicated by the blue arrows, strain
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or the optical connection make the fibre loss change, and the assumption of
uniform fibre loss would lead to inaccuracy of the system, which is shown in Fig.
2.8 [30].

Fig 2. 8 Temperature error caused by the inconsistent fibre loss [30]

Under such circumstances, if uniform fibre loss is still assumed, the performance
will deteriorate seriously.
In recent research, an emerging type of systems was proposed to overcome the
issue by using dual lasers to have self-calibration capability. One system designed
by C. Lee et al [30] uses dual light sources with the specific configuration of
wavelengths shown in Fig. 2.9 [30]. In the system, a secondary light source with
wavelength 980 nm is used for calibration, where its Stokes are the same as the
1064 Anti-Stokes from the primary laser. As a result, two signals will have an
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identical fibre loss so that their ratio becomes uniform, which has exhibited
superior performance using a non-ideal fibre. When calibrating, the two laser
sources launch laser pulses sequentially, and the 980 nm Stokes and 1064 nm
Stokes are used to generate the fibre loss along the fibre, which are at the same
wavelength. After the fibre loss sequence is generated, the temperature is
calculated only from the signals of 1064 nm laser source, applying the fibre loss.

Fig 2. 9 System setup for the system by C. Lee et al

The result is shown in Fig. 2.10 [30], which demonstrates a significant
improvement over the conventional single laser approach.
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Fig 2. 10 Temperature profile by conventional system (red) and self-calibration
system (blue)

Another type of system eliminates the effect of the fibre loss by using a loop
scheme and cancels it out [28] [31]. In this type of system, only one laser source is
used but the optical fibre is double ended. The laser pulses are launched into the
two ends of the fibre sequentially. Therefore, if the two ratio signals from different
ends are both taken into account, the light pulse could be considered as to have
travelled the entire length of the fibre, of which the total loss is equal. Therefore,
the effect of the inconsistent fibre loss is cancelled out, thus making the system
have the capability of self-calibration.
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Fig 2. 11 Self-calibration DTS system using loop scheme [31]
From the figure, we can see the laser has travelled the entire fibre if the two signals
are combined. For every point along the fibre, the travelling distance of the laser
pulse is constant, i.e. the fibre length, thus the fibre loss can be considered as
uniform for all the points.

2.5.3 Summary of the Calibration of DTS system

From the two different DTS systems mentioned above, the major issue of concern
is the calibration and correction of the fibre loss. When the environment of
application is not complicated (e.g. a very careful installation to avoid any strain
and connection in the entire fibre, and with short sensing distance) and the loss
within the fibre can be assumed uniform, the conventional calibration method can
be used, and the temperature can be calculated from the exponential model with
only 3 parameters, without any additional configuration on the hardware. However,
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when it comes to practical applications such as pipeline leakage detection, mines
and wells monitoring, where the mechanical stress and pressure can affect the fibre
loss, the self-calibration approach is a better choice for DTS systems.

2.6 DTS Systems and Applications

2.6.1 Typical DTS system

A typical Distributed Temperature Sensing is composed of several devices: laser
source, optical coupler (Wavelength Division Multiplexing (WDM) device),
optical fibre, optical sensor (Avalanche Photo Diode (APD)), Optical filter, A/D
converter and a PC. Fig. 2.12 shows a typical DTS system.
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Fig 2. 12 Typical DTS system

First of all, the laser source emits a narrow light pulse which passes the optical
coupler and enters into the optical fibre. When travelling through the fibre, the
Raman effect occurs along the fibre, and the backscattered light is transmitted
back along the fibre. Then the light goes through the optical filter and is divided
into two components: Stokes light and Anti-Stokes light. Then the components go
further into the optical sensor, where they turn into electrical signals representing
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the light intensity. After the A/D converter, the data is sampled into a computer for
signal processing and temperature decoding.

2.6.2 Different DTS Systems

There are different types of configurations for DTS systems according to the
deployment of the optical fibre. Three typical configurations are single-ended
single wavelength, double-ended single wavelength, and single-ended multi
wavelength [15] [18].
The single-ended single wavelength configuration is the most commonly found in
DTS systems, where a single-ended optical fibre and a single wavelength laser
source are used. Fig. 2.13 shows the composition of a system of this type [32].

Single-ended
optic fibre
Laser Source

Fig 2. 13 Single-ended single wavelength DTS system

The advantages of this configuration are the simple deployment and the long
measure range, while the disadvantages are the relatively poor far-end
performance and measurement error due to wavelength dependent dynamic
attenuation.
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In order to improve robustness, Fig. 2.14 shows a typical double-ended DTS
system. The double-ended optical fibre is connected with an optical switch, which
controls the laser source firing to the two ends of the fibre alternatively. Therefore,
the user can get two data sequences for a single fibre from different ends. Since
there are always two data points along the fibre which have the same temperature
(as the optical fibre is deployed as the figure shown), the optical loss within the
fibre could be easily eliminated by averaging the two data sequence, which makes
the calibration easier and more accurate.

Double-ended
optic fibre
Laser Source
Optical
switch

Fig 2. 14 Double-ended single wavelength DTS system

The advantage of the double-ended DTS system is the easy elimination of the fibre
loss, which causes the unreliability of the single-ended systems; however, it has
some drawbacks. The system takes double the length of optical fibre, needs more
connections and an extra optical switch, which increase the cost of the system and
its complexity. Second, in the middle of the fibre, big measurement errors may
occur. The laser source also has to be more powerful.
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However, the fibre loss is too versatile to be eliminated perfectly. It may even
change when the wavelength of the laser changes. To overcome the change of the
fibre loss, in recent studies, a new type of DTS system was proposed. That is the
single-ended multi wavelength DTS system. Fig. 2.15 shows the composition of
the system.

Laser Source 1

Single-ended
optic fibre

ch1

Laser Source 2

ch2
Optical
switch

Fig 2. 15 Single-ended multi wavelength DTS system

In the system, there are two laser sources with different wavelengths so that one’s
Anti-Stokes wavelength coincides the wavelength of the other’s Stokes. As the
two laser sources launch pulses alternately, the ratio of the two signals can have a
stable decay rate, regardless of unstable wavelength shift due to variable
temperature. In fact, the second laser provides a Stokes signal in the same
wavelength as the first Anti-Stokes signal to achieve self-calibration. This
approach is much more robust than a single laser system. However, this
configuration increases the system complexity and costs.
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2.6.3 DTS Applications

DTS systems are widely used in power cable monitoring, mines and oil wells
monitoring, fire detection and environmental monitoring, etc.

2.6.3.1 Power cable monitoring
Power cables are crucial to human life since they are the carrier and the
transmission media of electricity. Once a power transmission network, especially
in urban area, is malfunctioning, there is always a large amount of economic loss.
There are many causes of a power failure. Aside from scheduled power cuts and
natural causes, the most common causes are short circuits, power surges and
electrical trees [33]. The DTS monitoring system can be very useful to prevent the
power failures. In short circuits, the local temperature at the circuit will increase
very fast because of the sudden large current. By monitoring the temperature
profile, fast-location of the short circuits can be achieved easily. Power surges
cause power failure in the same way, but in a continuous way. Where the power
surges caused by instability of the local electrical network continue to occur, some
components in the network will be degraded gradually. A sudden strong power
surge can damage the component and causes power failure, and the temperature
around the component will increase suddenly. By checking the temperature profile
of the DTS system, the damage can be repaired in time, or precautions can be taken
before damage is done. The electrical tree is the degrading process of some
equipment in high power installations such as high voltage power cables,
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transformers, caused by the impurities and defects within the equipment. The
temperature will appear abnormal when electrical tree occurs. Therefore, the DTS
system can prevent the potential power failure from the electrical trees.
The DTS system has been used to monitor the overload of power cables for a long
time [19] [34]. Compared to the conventional multi-point temperature monitoring
method, the DTS system can get the entire temperature profile along the power
line by attaching an optical fibre to the power line. The DTS monitoring system
can discover the “hot spots” in time, and the temperature profile is also used to
estimate the ampacity ratings of the cable [19]. The result of the experiment by
Yilmaz, G. and Karlik, S. E. [34] shows that DTS is a reliable method for power
cable monitoring.

2.6.3.2 Mines and wells monitoring
There are several specific restrictions for temperature monitoring in mines and
wells. For instance, electrical sensors are not recommended due to the possibility
of starting a fire or explosion. However, the inherent advantages of the DTS
system make it particularly safe and feasible for mines and wells monitoring.
According to the research of D. Inaudi and B. Glišić, composite coiled tubing
utilized a DTS system to verify the pipe operational parameters, prevent failure,
optimize oil production from the well, provide strain distribution along the tubing
and detect hot-spots in high-power cables [35]. C. Hu et al also implemented a
DTS system with a sensing distance of 10 km for applications in coal mine
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temperature measurement and fire alarm, with temperature resolution and
uncertainty 0.1 and ±2 ℃, respectively [36].

2.6.3.3 Other DTS applications
DTS systems can be used for various purposes, and there are also a large number
of DTS applications in different areas. Here are some examples.


F. Su´arez et al implemented a DTS system in a shallow thermohaline-driven
lake to detect stratification or different hydrodynamic regimes [37].



Fernandez et al use a DTS system for the monitoring of a large nuclear infrastructure,
which is an environment under the condition of high radiation [38].



Chen Jingcui applied a DTS system to measure the temperature of a Vacuum Circuit
Breaker Contactor [39].

2.7 Other issues in DTS systems

2.7.1 Noise issues

The back-scattered Raman light components are so weak that they are easily
submerged in the noise. What is more, the signal at the far-end has a worse SNR
than those in a segment near the laser. In order to implement a robust and accurate
system, the noise must be reduced to a certain level to ensure the accuracy of the
temperature decoding.
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The first step of noise reduction is to average the signals. The signals from the
optical filters contain large amounts of white Gaussian noise, which is a type of
random noise. By accumulating and averaging the signal, the white Gaussian noise
could be reduced to

after N-points averaging. Actually this process is done

by the A/D card in the system, and the accumulative count is adjustable. The larger
count results in a better signal-to-noise ratio, but it also makes the response time of
the system longer. Therefore, the accumulative count should be chosen according
to the technical requirement of the system.
Although the averaging process reduces the white Gaussian noise, there is also
some random noise caused by the laser source, the power supply and other
hardware like APD. This type of noise is generally in the high-frequency range,
while the DTS signals are generally in the low-frequency range. Therefore, a
low-pass filter is usually applied on the signals to reduce the high-frequency noise.
The noise can be further reduced by applying a median filter, which smoothes the
signal in the spatial domain. However, such filter may worsen the spatial
resolution of the system, hence should be applied with an appropriate window
length.
There are also many other methods that can reduce the noise level of the system
such as wavelet transform [40], single photon counting technique [41], etc., which
will be discussed later.
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2.7.2 Spatial resolution

Spatial resolution is an important characteristic of a DTS system. The spatial
resolution is defined as the minimum distance that the system takes to respond
fully to a step change in temperature, which is shown in Fig. 2.16 [18]. When there
is a step change in temperature in a fibre, the decoded temperature profile drop
gradually, and the distance from 10% - 90% temperature change is defined as the
spatial resolution.

Fig 2. 16 The definition of spatial resolution

The spatial resolution is determined by many issues, including the refractive index
of the fibre, the pulse width of the laser source, etc.
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2.7.3 Some specific techniques to enhance the performance of a DTS system

There are a large number of research publications that aim to improve the
performance of a DTS system, not only on the theories of the decoding and
calibration, but also on the system structure. The following are some research
works that attempt to enhance the performance of a DTS system.


Signorini et al improved the sensing range by dividing the fibre into two parts
[42]. The temperature in the first half of fibre is decoded from the normal
intensity laser source, with which the temperate accuracy in the far end is not
acceptable. The second part is measured using a stronger intensity laser source,
which would lead to Simulated Raman Effect in the first part, but drops to the
linear range in the second part, thus make the signals in the second half
effective for the temperature decoding. By applying the method, the sensing
range is greatly improved with a satisfying measurement error.



R. Feced et al implemented a DTS system using the single photon counting
technique [41], which is mentioned above. The detector in the DTS system
detects only a single photon instead of the traditional analog detector, which
eliminates both the circuit noise and the randomness of the gain. The spatial
resolution is improved to cm scale in short measure range.



F. Baronti et al applied a multi-pulse pattern technique based on cyclic codes
in the Raman signals processing, and improved the signal to noise ratio, the
temperature resolution, the sensing range and the measurement time in their
simulations [43].
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Jonghan Park et al implemented a coded, Raman-based distributed
temperature sensor system using 255-bit Simplex coded optical time domain
reflectometry (OTDR) and optimized sensing link composed of cascaded
fibres with different Raman coefficients [44]. Compared to an uncoded DTS
system, the sensing range is enhanced greatly.

2.8 Summary

DTS is an emerging technology for temperature measurement. It has many
inherent advantages: continuity in space, electricity free, high electromagnetic
compatibility and high radiation tolerance. It is widely used in various fields in
industry as well as research.
There are 3 important issues that need to be carefully handled in a DTS system:
1. System configuration. As discussed in 2.6, different configurations, such as
single or double ended, single or dual laser sources, have different advantage
and disadvantages. The configuration must be selected according to the
requirement of the application, including working environment, costs, sensing
range, temperature and spatial resolution, etc. Details of the system
configuration will be discussed in chapter 3.
2. Robustness of the DTS system. In most cases, the Raman signals are
fluctuating and disturbed by many reasons such as the working environment of
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APD, the shift of the laser source intensity and WDM. As discussed in 2.4, the
temperature can be decoded from the Raman backscattered signals if the
Raman signals are free of errors. However, as observed in experiments, the
signals are fluctuating so severely as they must be compensated before they
can be used to decode temperature. In chapter 4, an algorithm for the
compensation of the signals is developed to ensure the robustness of the
system.
3. The fibre loss. In ideal optical fibre, the light decays exponentially within the
fibre. However, in real applications, the fibre loss is affected by splices,
connectors, bend and pressure on fibre, reflection from the end of fibre and
many other factors, which will change the local fibre loss. If the signal is still
calibrated by using the theoretic exponential model discussed in 2.4,
significant temperature error may be produced. In chapter 4, a calibration
algorithm based on cubic spline fitting is developed to solve the problem of
non-uniform fibre loss.
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Chapter 3

Hardware System Design and
Development
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3.1 Introduction

In the previous chapter, a literature review of DTS technology and systems is
presented. As indicated by its name, a DTS system is used to measure the
temperature profile along a distance. The optical fibre, which is used as the sensing
media, is deployed in an environment for its distributed temperature monitoring.
The hardware configuration can be variant for different circumstances and
requirements. In this chapter, the performance requirements of a DTS system are
depicted. A hardware system is designed and developed to achieve them.

3.2 System initial definition

The ultimate application of this project is to develop a DTS system for power
cables and overhead transmission lines monitoring. By measuring distributed
temperature profile, working conditions of high voltage power cables can be rated
in real-time, such as to locate hotspots, alarm on overheating, and measure power
load. In this thesis, a complete DTS system is developed for the purpose. After
careful analysis of the requirements and discussion with an industry partner,
desired performance specifications are defined for this thesis, as shown in table
3.1.
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Table 3. 1 System specifications
Sensing Range

5km~12km

Number of channels

1

Fibre setup

Single-ended

Spatial resolution

1m

Temperature resolution

0.1 degree Celsius

Temperature range

0-100 degree Celsius

Temperature error

±1 degree Celsius

Time of response

2s

Laser source

Class 1, 1550nm

Communication Interface

Ethernet

Working temperature range

0-40 degree Celsius

Working humidity range

85%

The distance range of 5-12 km is for application in a power station. The first stage
system will only have one channel of temperature measurement, but will be
extended to multiple channels in the future. According to the desired performance
specifications, the initial design of the DTS system is carried out.
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3.2.1 Selection of optical fibre

Generally there are two types of optical fibres: single-mode and multi-mode
optical fibres [45]. The single-mode optical fibre has a relatively small core
diameter (8.3 to 10 microns). When a light pulse is transmitted within the fibre,
only one transmission mode, main mode, occurs. For this reason, the single-mode
optical fibre has a higher transmission rate and up to 50 times longer distance than
multi-mode optical fibre. The single mode characteristic is also suitable for
Wave-Division-Multiplexing (WDM), which means you can transmit several
lights of different wavelengths at the same time without causing problem. Fig. 3.1
shows the propagation mode of single-mode optical fibre [45]. Because the light
travels only in the main mode along the fibre axis with no oscillations across the
core width, the backscattered energy is very small and it takes significantly longer
for statistically significant Raman band development in most applications.

Fig. 3. 1 Propagation mode of single-mode optical fibre

The multi-mode optical fibre has a little bit bigger core diameter (50 to 100
microns). The refractive index of the core is approximately 0.5% greater than the
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cladding thereby assuring an acceptance cone of laser light to travel in a zig-zag
mode, in addition to the main mode. Fig. 3.2 shows the propagation modes of
multi-mode optical fibre. The zig-zag light propagation results in more
backscattered light, which includes the temperature-relevant Raman scattering.
Therefore, a multi-mode fibre is selected for medium distance measuring to have
better scattering signals. However, in long-range applications, the multiple paths
would cause high attenuation and distortion in the far-end of the fibre. The single
mode would be considered as an alternative.

Fig. 3. 2 Propagation modes of multi-mode optical fibre

In a DTS system, several issues should be considered when choosing an optical
fibre. A multi-mode optical fibre is more sensitive to the temperature, which is
good for the temperature measurement. The single-mode optical fibre has
conspicuous advantage in the sensing range but poor signal sensitivity to
distributed temperature. As a result, it takes a longer probing time for the
backscattered light measurement. Due to the small diameter and negligible cone of
acceptance of a single mode fibre, it is very difficult to put light energy into the
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fibre and more expensive to use, as a result. For the reasons above, the
multiple-mode optical fibre is used in the DTS system for 5~12Km temperature
measurement.

3.2.2 Optical fibre configuration

As discussed in the previous chapter, the most common configurations of the
optical fibre are single-ended and double-ended configurations. The double-ended
configuration is more robust to inconsistent attenuation in applications by firing
lights from two different ends alternately. However, there are two disadvantages.
First, in the double-ended optical fibre, the sensing range is half of the length of the
optical fibre, which limits the maximum sensing range. The single-ended
configuration is more feasible to achieve longer sensing range. Second, the
double-ended configuration requires extra components like optical switches and
connectors, which increases the system complexity and costs and introduces more
light loss due to optical interfacing. In addition, with a carefully designed
algorithm of compensation which will be discussed in the next chapter, the fibre
loss variation can be well managed. For reasons above, the single-ended
configuration is used in this thesis.

3.2.3 Wavelength of the laser source

The wavelengths of the laser source used in fibre optics are within the infrared
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region (740 nm to 3000 nm) [46]. The reason is related with the characters of the
fibre loss for different lights. The attenuation of the optical fibre is determined by
two factors: absorption and scattering [47]. They are both wavelength-dependent.
Fig. 3.3 shows the relationship between absorption and scattering with
wavelength.

Fig. 3. 3 The different sources of fibre loss and their variation with wavelength

As indicated in the figure, the attenuation caused by scattering is decreasing as the
wavelength increases, and the attenuation caused by absorption is increasing as the
wavelength increases but starts from around 1500nm. The actual loss curve is
shown in the solid line. And the lowest fibre loss, about 0.22db/Km occurs when
the wavelength is at 1550nm [48]. Hence, a 1550 nm laser source is selected in the
50

thesis.

3.2.4 Spatial resolution

In order to achieve the expected spatial resolution of 1 meter, pulse width and the
sampling rate need to be determined. When the light pulse is travelled in the
optical fibre, the velocity of light is calculated by equation 3-1.

3-1

where c is the speed of light and n is the refractive index of the fibre (1.5). While
the backscattered light is continuously emitted from the fibre terminal, the signals
are sampled by an Analog-to-Digital Converter (ADC) and become a discrete
series with a spatial resolution related to the sampling rate. If the sampling rate of
the ADC is selected to be 150M, the minimum spatial error can be expected to be:

3-2

where r is the spatial resolution and v is the velocity of light in the optical fibre.
However, this is only the theoretical minimum distance that the system could
distinguish. Since the time width of the light pulse is selected to be 10 ns, the
corresponding spatial width of the light pulse within the fibre can be calculated
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from equation 3-3.

3-3

where w is the spatial width of the light pulse and v is the velocity of the light in the
optical fibre. Therefore, the estimated spatial resolution is between 0.66m and 2m,
which is reasonable in order to satisfy the desired spatial resolution of 1m.

3.2.5 Temperature resolution

The desired temperature resolution of the DTS system is 0.1 degree Celsius. This
can be fulfilled by determining a proper resolution of the ADC and the full
temperature range. If the measure range of temperature is from 0 to 100 degree
Celsius and a 12 bit ADC is used for signal capture, the theoretical temperature
resolution can be calculated by equation 3-4.

3-4

Considering the uncertainties involved in the fibre and the measurement system, a
conservative estimation of the temporal resolution by using a 12 bit ADC is 0.1
degree Celsius.
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3.2.6 Launching frequency of the laser pulses

The launching frequency of the laser pulses in the DTS system can be determined
by the desired sensing range, which is 5~12km. It is obvious that the system must
wait for the previous light pulse to return to the start of the fibre before launching
the next pulse. Therefore, a longer fibre requires a slower repetition frequency to
launch light pulses. Taking a 5km fibre as an example, the minimum launching
interval can be calculated from equation 3-5.

3-5

where t is the minimum launching interval, l is the sensing range and v is the
velocity of the light in the optical fibre. Therefore, the launching frequency can be
selected as:

3-6

There is a trade-off between sensing range and sensing speed. A higher sampling
frequency will have a higher throughput of sensing data, however that will result
in a shorter sensing range. In order to have our system sense 5~12km fibres with a
faster speed, we selected the repetition frequency of the pulsed laser source to be
between 8 kHz and 12 kHz. The corresponding maximum sensing range can be
calculated as below:
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Lmax=(2 x 108)/(2 x 8 x 103)=12.5km

if f=8kHz

Lmax=(2 x 108)/(2 x 12 x 103)=8.3km

if f=12kHz

The lowest frequency 8kHz ensures the maximum measurement range of 12km,
while the highest 12kHz can provide a fast sampling rate for the applications with
short sensing ranges.

3.2.7 Measuring period

The measuring period of the DTS system is expected to be 2 seconds per measure.
That means for every 2 seconds new backscattering signals are generated and the
temperature profile along the optical fibre is updated. The minimum measuring
period is determined by the minimum launching interval, which means for every
launching a full profile of backscattering signals along the fibre can be sampled for
temperature decoding. However, due to very low signal to noise ratio of scattering
lights, low-pass filtering has to be applied to suppress the noise, which has a much
slower response time. In the project, the hardware average of 10,000 samples is
implemented in the AD card for the extraction of effective signals. With the 8kHz
sampling rate, we can have an estimate about the measuring period after the
averaging.

T=K/f=10000/8000=1.25 (s)
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where K is the average times and f is the sampling frequency.
The communication between the AD card and the computer takes some time, and
the calculations for signal processing and temperature decoding take some time. A
2 second measuring period is achieved in the final system.

3.3 System hardware setup

In order to sample backscattering signals for distributed temperature sensing, a
hardware system was developed as shown in Fig. 3.4.

Fig. 3. 4 Block diagram of the DTS system
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A working prototype of the schematic diagram in Fig.3.4 was implemented in the
project. The electrical and optical components were carefully selected by
following the initial design carried out in 3.2:
1) Laser source
A pulsed laser module is used in the system. The laser module can generate an
ultrabright, near-diffraction-limited, and infrared laser pulse with a width of 10nm
centred at the wavelength of 1550nm, to fulfil the requirements of spatial
resolution and minimum fibre loss of the laser signals. The pulse repetition
frequency is between 8kHz and 12kHz to cover a measurement range of 5~12km.
The module contains a reliable, high-brightness diode laser with the peak power of
25W that pumps a double-clad, Er/Yb-doped optical fibre through FC/APC
connectors. The drive electronics power the diode lasers and control fibre laser
operation with a stability of 0.02dB.
2) WDM
A WDM with the centred wavelengths of 1450nm, 1550nm and 1660nm is used in
the system for extracting Anti-Stokes and Stokes from the backscattering lights. It
has a high wavelength stability to temperature (<0.003nm/◦C) for operation in a
wide operation temperature range(-20~70◦C). It connects to 62.5/125µm
multi-mode fibres via FC/APC terminals as shown in Fig.3.4.
3) APD
An InGaAs APD is used in the system for converting the separated Anti-Stokes
and Stokes to electrical signals. The centre wavelengths are 1451nm and 1663nm
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with the nominal sensitivity of 8.5A/W and the dark current of 2nA. The optical to
electrical circuit can have a high conversion rate of 176mV/nA and a frequency
bandwidth of 350MHz. However it is relatively sensitive to operation temperature,
0.1~0.15V/◦C. Temperature control is important for improving stability of a DTS
system. In this project, temperature control is further reinforced by a temperature
compensation algorithm in order to achieve a stable measurement, which will be
discussed in chapter 4.
4) AD card
A 150M AD card is used in the system to fulfil the requirements on spatial
resolution and temperature resolution. It includes two 12 bit AD convertors for
digitalising Anti-Stokes and Stokes. It can carry out a hardware based real-time
signal accumulation up to 32768 times, which can significantly improve the signal
to noise ratio about 180 times and achieve the required measuring period of 2
seconds with accumulation of 10,000 samples. It has an Ethernet interface that
allows a computer to control it and read signals out via the UDP protocol.
The prototype system developed is shown in Fig. 3.5. The associated schematic
diagram is shown in Fig. 3.6, where a power module supplies several highly stable
and isolated DC voltages to different components and synchronises the AD
sampling with laser pulse launching by a stable LM555 timer as shown in Fig.3.7.
The timer can generate a pulse train with an adjustable repetition frequency. By
turning a panel potentiometer, the repetition frequency can be changed from 8kHz
to 12kHz, as discussed in section 3.2.6.
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Fig. 3. 5 The prototype system

Fig. 3. 6 Schematic diagram of the DTS system
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Fig. 3. 7 Laser and AD synchronisation circuit

3.4 Hardware system evaluation

The prototype system has worked almost continuously for 1 year. Anti-Stokes and
Stokes can be detected robustly under the specified working conditions, which
verify the reliability of the hardware system. Long term test and evaluation on the
signals stability have been carried out by using a jacketed fibre ready for an
industry environments, instead of clad only fibre that would not last long and is too
fragile for the industrial environment. The jacketed fibre is further coated with
robust plastic materials with a diameter about 243µm that give strain force
protection to the fibre. The test fibre has a total length of 2910m. There is a
damaged section around 2500m where the attenuation rate is large and varying.
Keeping such a damaged section in the test fibre is for research on temperature
decoding solutions for real industrial applications, where installation of fibres may
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cause such damage to the fibres. The following 5 segments of fibres, each 20
meters in length, are put into a calibration bath for variable temperature
experiments:
Segment 1: 176-196m
Segment 2: 587-607m
Segment 3: 1223-1243m
Segment 4: 1773-1793m
Segment 5: 2610-2630m
(All distances in the figures are shifted as the starting point is at 200m)
1) Backscattering signals with different temperatures
An example of the Anti-Stokes and Stokes signals measured under an ambient
temperature of 19.1◦C is shown in Fig.3.8. When we control the calibration bath to
60.0◦C, the signals are shown in Fig.3.9. From the two figures, we can find that the
5 test segment signals have increased due to the increase of bath temperature.
Anti-Stokes is more sensitive than Stokes to the temperature change. Therefore,
Anti-Stokes carries information about the temperature along the fibre.
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Fig. 3. 8 Anti-Stokes and Stokes for the ambient temperature of 19.1◦C
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Fig. 3. 9 Anti-Stokes and Stokes for the bath temperature of 60.0◦C

2) Stability of the backscattering signals
In order to evaluate if Anti-Stokes or Stokes are reliable signals for temperature
sensing, experiments for sensing constant temperature over several days were
61

carried out. An example for the calibration bath of 30.0◦C is shown in Fig.3.10.
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Fig. 3. 10 Anti-Stokes and Stokes of 5 days (28/11/2011-02/12/2011) for the bath
temperature of 30.0◦C
From Fig.3.10, we can see that Anti-Stokes and Stokes have obvious fluctuations
(~5%) from day to day, although the bath temperature was controlled to be
constant. This is the worst case in a set of experiments with bath temperatures from
20◦C to 90◦C. For other temperatures, about 2% fluctuations have been observed.
The reason for the fluctuations could be complicated. They may be caused by
fluctuating laser power, variable APD gains, and wave-shifting of WDM. For
example, it has been identified that the operational temperature of the APD, i.e. the
temperature of the APD itself due to the nonlinear influence on the APD gains, has
an influence on the attenuation rate. An example is shown in Fig.3.11, where the
signals in thick lines are for APD under 22.0◦C and the thin lines are for APD
under 26.3◦C.
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Fig. 3. 11 Anti-Stokes and Stokes for the bath temperature of 30.0◦C, thick lines:
APD operated under 22.0◦C(15/09/2011) and thin lines APD operated under
26.3◦C(01/09/2011).
Therefore, we can conclude that temperature profile cannot be sensed accurately
by using backscattering signals along. A compensation method has to be
developed to cope with fluctuated intensity measurement and variable decay rate.
Operation temperature of the APD needs to be controlled to a certain range.

3.5 Summary

In this chapter, the desired requirements of the system were first quantitatively
defined. An initial design to achieve the requirements was carried out, which
provided criteria for optical and electrical components selection. A multi-mode
optical fibre was chosen for the better sensitivity to temperature. The single-ended
configuration was applied for the simple and cost effective structure. The
63

wavelength of the laser source was chosen to have a minimum fibre loss. The
spatial and temporal resolutions guaranteed a good performance of the system.
The launching and measuring frequencies were selected to ensure a robust system.
A practical hardware system was then developed by the guidance from the design
criteria. The long-term experiments of the hardware system have demonstrated its
robustness for backscattering signals acquisition. Experiments also revealed that
using backscattering signals alone cannot obtain the corresponding temperature
profile accurately, due to fluctuation on APD characteristics and other instable
factors in the system. A compensation algorithm has to be developed for
enhancement of the stability and accuracy of the DTS system, which will be
discussed in chapter 4.
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Chapter 4

DTS Algorithm and Realization
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4.1 Introduction

In the previous chapter, the DTS system developed in this project is introduced.
Apart from the hardware, it is the DTS algorithm that makes the entire system
work reliably. As discussed in chapter 2, the temperature is calculated from the
Raman signals, i.e. Anti-Stokes signal and Stokes signal. In this chapter, a DTS
algorithm is proposed, which is verified to be robust to the disturbance of
scattering signals’ intensity and decay rate. First, the signals are pre-processed to
filter out noise. Further on, the signals are compensated to reduce the effect of
uncertainties on the signals. Then the compensated signals are fitted by spline
curves for temperature calibration, instead of using the theoretical model, so that a
DTS system with unmodeled patterns can be coped with, for example due to
splicer or fibre damage etc. Based on the calibration model, the temperature can be
decoded from the measured scattering signals. At last, the obtained temperature
profile goes through a Kalman-Filter for noise reduction and temperature rising
rate estimation.

To develop a reliable temperature calibration method, consecutive temperature
experiments have been carried out for one year. Different calibration methods
were attempted in the project, such as single or double reference sections, linear or
quadratic compensation, exponential or spline fitting. All the study uses the same
experimental setup, as listed in Table 4.1.
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Table 4. 1 Details of temperature experiments
Fibre length (m)

2910

Reference location

Beginning and End

Reference Temperature

Beginning: 25

(degree Celsius)

End: 40

Method

5 20m segments along the fibre
are heated from 30C to 90C
with the interval of 10C, and
Raman signals are recorded
when temperature is stable.

Heated location (m)

176-196；587-607；1223-1243；
1773-1793；2610-2630

The configuration of the fibre and references is shown in the figure below.

fibre
DTS
instruments
Beginning
ref. at 25 C

End ref. at
40 C

Fig. 4. 1 Fibre and references configuration
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From the study, the approach of dual references with linear parameter
compensation and spline fitting gave the best result, which will be presented in the
following sections.

4.2 Preliminary signal processing

The raw Raman signals contain large amount of noises. It can not be used without
being filtered. The filters used in this thesis are low pass filter and median filter.

4.2.1 Low pass filter (LPF)

The temperature signal always changes at a slow rate. In the normal case, it is
fluctuating within a small range. In other words, the useful temporal information
in the Raman signals is in the low frequency band. On the other hand, most of the
noise is in the high frequency band (noise introduced by fibre, APD, A/D converter,
etc.). Therefore, a low pass filter is applied to reduce the noise in the high
frequency band.
The first-order digital low pass filter with a unit gain can be described by the
following z-transform.
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Where T=1/150MHz is the sampling period and a is the cut off frequency in units
of radians/second.
Let

, the difference equation in the time domain is obtained below.

4-1

Where k is the filter coefficient, n is the discrete time, I(n) is the intensity of the
Raman signals, and y(n) is the signal after filtering.
The filter coefficient decides the strength of the filter and is in the range of 0 to 1.
When the coefficient is close to 1, the previous signal dominates the current signal,
which means the new arrived signal only contributes very little to the current
signal, i.e. a strong filter. After long enough time filtering, the noise can be greatly
reduced.
If we require a cut-off frequency of 1MHz, k can be calculated as
≈0.95

Fig. 4.2 shows the Anti-Stokes signal before and after the filtering. However, some
spikes in the signals may not be removed.
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Fig. 4. 2 Anti-Stokes signal before and after LPF

4.2.2 Median filter

A Median Filter (MF) is a non-linear digital filtering technique, often used to
remove noise spikes [49]. As its name suggests, the main idea of a median filter is
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to run through the signal entry by entry, and replace each entry by the median of its
neighbour entries. The range of the neighbour entries is called the “window” of the
median filter. Though median filters have been widely used for signal
pre-processing, such as 2D median filters in image processing, the 1D median
filter is used in this thesis to “smooth” the Raman signals.
The MF used in this thesis could be described by equation 4-2.

4-2

Where I(n) is the intensity of the Raman signals and l is the length of the filter
window.
Fig. 4.3 shows part of the Raman signal before and after a median filter with l=5.
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Fig. 4. 3 Raman signal before and after a median filter

According to the figure, the spike in the original signal (red curve) is filtered out
by the median filter to make the signal more smooth (blue curve) to reflect the
actual temperature.

4.3 Uncertainty Compensation

After the preliminary signal processing, the Raman signals can be used for
calibration and decoding. As discussed in chapter 2, the temperature is
approximately a function of exponential decay of the ratio between Anti-Stokes
signal and Stokes signal. The ideal case should be that the ratio signal r and the
distance z are the only parameters to calculate the temperature.
However, from the result of the experiments, the Raman signals are fluctuating,
even the temperature stays the same. Fig. 4.4 shows the fluctuation of the Raman
signals at the same temperature.
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Fig. 4. 4 Fluctuation of Raman signal at the same temperature (50 degree Celsius)

The 4 different curves are all intensities of Anti-Stokes signals at the same
temperature but measured at different times. It is obvious that the absolute
intensity of the Raman signal is fluctuating. The uncertainties are caused by the
unstable power supply and thermal errors introduced by the laser source variations,
APD fluctuations and WDM window shifts due to changing operation
temperature.
In such cases, the absolute Raman signals intensities are no longer a good indicator
of the temperature. The signals must be compensated to eliminate the random
fluctuation.
To get rid of the effect of the fluctuation, the measured signals were carefully
analyzed. It was found that the fluctuation is mainly caused by a variable signal
intensity and decay rate. As a result, the following approach was proposed to
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determine the fluctuation from measuring the signals of two reference segments.
One is located at the beginning of the optical fibre and the other is at the end. We
made the following hypotheses
1. the first reference segment can be used as a measure of laser intensity;
2. the signal difference between the beginning and the end segments can be
used to estimate the change of fibre decay rate.
In order to verify the above hypotheses, both reference segments were controlled
to constant temperatures and their signals were measured for the purpose of
compensation. Along the optical fibre, 5 segments were put into 5 heated baths for
variable temperature experiments. The chosen segments are heated to different
temperatures from 20 degree Celsius to 90 degree Celsius, with a temperature
interval of 10 degree Celsius. The Raman signals were recorded when the
temperature was stable. In three months, more than 100 experiments were
conducted to find out an effective compensation method. For the purpose of
illustration, experimental data measured in 8 days are used below.
First, the ratio between the Anti-Stokes and the Stokes is assumed to be an
exponential function of the distance, which is described by equation 4-3.

4-3

Where r is the ratio, z is distance, k1 and k2 are unknown parameters to represent
laser intensity and decay respectively.
74

For a given temperature controlled in the 5 baths, the measured signal ratio is fitted
by the model 4-3. From 4-3, we have

where z=[549,1147,2123,2938,4196]T represents the positions of the 5 baths in
meter.
ln(x1) and k2 can then be optimised by linear regression.

where

Fig.4.5 shows repeated experiments for a given temperature of 90 degree Celsius.
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Fig. 4. 5 Exponential fitted curves

The blue lines are ratio signals from 8 different experiments at the same
temperature (90 degree Celsius). The coloured lines are exponential fitted lines of
the heated points. From the figure we can clearly see that the reference signal at the
beginning is changing even though the temperature stays the same. It is also found
that the repeatability is poor with different k1 and k2 for different experiments. All
the curves are fluctuating even for the same temperature. Without a proper
compensation, the fluctuation will result in measurement errors.
We intend to develop a compensation algorithm using the two reference readings
to suppress the fluctuation. According to the hypothesis one, the first reference
reading should be highly related to the laser intensity. The relation between the
signal ratio, a, at the first reference segment and the initial magnitude k1 is
explored by using linear regression 4-4.

4-4

where m1 and m2 are two linear parameters which will be obtained by least square
optimisation for a sequence of experiments.
According to hypothesis two, the signal difference between the beginning and the
end segments can be used to estimate the change of fibre decay rate. For the
beginning reference, equation 4-3 tells
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For the end reference, we have

If k1 and k2 are unchanged for different temperature and different measuring, we
have

It means there is a strong correlation between k2 and e. Therefore, we can assume

4-5

where b1 and b2 are unknown linear parameters. The assumptions in 4-4 and 4-5
mean the initial value of the exponential function is a linear function of the
beginning reference, and the decay rate of the exponential function is a linear
function of the logarithm of the ratio between the two references.
Linear regression is an effective approach to modelling or verifying the linear
relationship between variables. For repeated experiments to measure a constant
bath temperature T, k1 and k2 obtained is further fitted by a and e as in 4-4 and 4-5,
where a and e are measurable by the DTS system.

where

and

for n experiments.

And
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where

and

for n experiments.

Fig 4.6 and 4.7 shows the linear regression of equation 4-4 and 4-5 for eight
experiments.
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Fig. 4. 6 Linear regression of equation 4-4 in different temperatures
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Fig. 4. 7 Linear regression of equation 4-5 at different temperatures

The lines in the figures from the bottom to the top are the regression from 20
degree Celsius to 90 degree Celsius with an increment of 10 degree. It is found
they have strong linear relations at lower temperatures, but not as strong at high
temperatures. The linearity of the regression is defined as below:

Where y is k1 or k2, and

is the regressed k1 or k2. The linearity between k1 and a,

and k2 and e in different temperatures are shown in Table 4.2.

Table 4. 2 Linearity for 4-4 and 4-5
Temperature

Linearity of k1 and a (%)
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Linearity of k2 and e (%)

20

99.9985

99.6607

30

99.9996

99.7337

40

99.9993

99.4792

50

99.9997

99.5253

60

99.9996

97.9511

70

99.993

96.4673

80

99.9990

93.1106

90

99.9987

98.3450

This verified the two hypotheses. We can compensate the variation of the
beginning intensity and decay rate by measuring the signals from the two
reference segments. From the figures, we see that different temperatures have
different initial intensities and decay rates. Increasing temperature increases the
intensity but decreases the decays. In addition, a lower temperature tends to be
more sensitive to the reference intensity and decay change.
Based on the linear relations of 4-4 and 4-5, we can expect to compensate the
fluctuating signals to constant signals for a constant temperature. The constant
signals are assumed to be measured under a nominal condition, which is described
in equations 4-6 and 4-7.

4-6

80

4-7

Where an is the beginning references in different experiments and en is the
logarithm of the ratio between beginning and end references in different
experiments. Hence, now a norminal Anti-Stokes to Stokes ratio at different
temperatures and distance can be calculated by equation 4-8.

4-8

which is the expected signal for a measure with mean intensity Aref and difference
Eref.
From Fig.4.6 and 4.7, it is obvious that m1, m2, b1 and b2 are all related with
temperature, but which is unknown. Therefore, when an Anti-Stokes to Stokes
ratio signal with fluctuation is to be compensated, the corresponding m1, m2, b1 and
b2 must be determined by the measured ratio r. Linear interpolation of the
parameters obtained in Fig.4.6 and Fig.4.7 is utilised to obtain the current
parameters with r:
1) According to the measured reference signals a and e, the corresponding signal
ratios at Ti from experiment, where Ti=20,30…,90◦C are calculated by using
the exponential model and the linear approximations 4-4 and 4-5.

4-9
81

where the re(Ti,z) is the estimated ratio for Ti =20,30…,90◦C for the measured a
and e.
2) The measured ratio r is compared with the re(Ti,z) to find out which interval it is
falling in, i.e. re(Ti,z)≤r< re(Ti+1,z).
3) The parameters p=[ m1, m2, b1, b2 ]T corresponding to the current r can be
calculated by linear interpolation

4-10

When the parameters corresponding to the r are determined, the estimated
exponential fitted ratio, re(r,z) can be again calculated by equation 4-8. The
amount to be compensated in comparison with the norminal value rs(r,z) in
equation 4-9 can be obtained as

4-10

Finally, the measured ratio r can be corrected by

4-11

The compensated ratio signals are shown in Fig. 4.8.
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Fig. 4. 8 Compensated ratio signals

The signals without compensation are shown in Fig. 4.4. As we can see, after the
compensation, the ratio signals in the heated baths of 90 ◦C

have smaller

deviations. After the compensation, the temperature becomes the function of the
ratio signal and distance only with less influence from the disturbance of the
intensity and decay rate, which are mainly caused by variable working temperature
of the DTS system. This improves robustness and accuracy of the system.
In conclusion, the basic idea of the compensation is to estimate the compensation
value using the exponentially fitted model in terms of the two reference signals.
Though the real signal could not be well fitted by the exponential model, the
deviation compensation, instead of value compensation, can provide a satisfactory
result.
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4.4 Calibration

After the compensation, the ratio signal can be used to calculate the corresponding
temperature along the fibre. Calibration is a process to find out the correct
mapping between the ratio and the temperature. As discussed in chapter 2, the
temperature is only related with the Anti-Stokes to Stokes ratio and the distance
from the beginning of the fibre. For an ideal fibre, the fibre loss is uniform and the
signal is exponentially decayed within the fibre. Therefore the temperature profile
can be modelled by equation 4-12.

4-12

Where T is the temperature, r is the Anti-Stokes to Stokes ratio, a is the fibre loss,
k and b are parameters.
Such an exponential model can only perform well for an ideal fibre with uniform
fibre loss. However, in real applications, the fibre loss is affected by splices,
connectors, micro-bend and pressure on fibre, reflection from the end of fibre and
many other factors, which will change the local fibre loss. An example is shown in
Fig 4.9 [18]. Point (a) is a reflection from the panel connector. Point (b) is a splice
or connector in the line. The linear portion between (a) and (b) is the constant
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attenuation rate between these two points. Note that the slope and hence
attenuation rate can change at a splice, and so the attenuation across a splice may
not remain constant. The interval highlighted by (c) shows a section of damaged
fibre where the attenuation rate is large and varying. Point (d) is again a splice or
connector. Point (e) represents a reflection from the end of the fibre. Following the
return of the signal from the end of the line is the background noise indicated by
(f).

Fig. 4. 9 Non-uniform fibre loss example

In such cases, the fibre loss is not uniform, and equation 4-12 may result in
significant errors. The fibre we used for experimental study has a splice caused at
3800 meter as shown in Fig.4.4, where there is a varying decay rate. An
exponential model cannot fit to the whole fibre. Therefore, a cubic spline based
fibre model is developed in this project to cope with varying fibre loss.
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In mathematics, a spline is a sufficiently smooth piecewise-polynomial function. A
cubic spline is a spline constructed of piecewise third-order polynomials which
pass through a set of m control points. The second derivative of each polynomial is
commonly set to zero at the endpoints, since this provides a boundary condition
that completes the system of m-2 equations. This produces a so-called "natural"
cubic spline and leads to a simple tridiagonal system which can be solved easily to
give the coefficients of the polynomials [50].
In most cases, a cubic spline could interpolate any curves given more than 3 points.
It can well solve the non-linear curve fitting problem. In this thesis, the cubic
spline is used to fit the decay character of the fibre.
The calibration starts from carrying out a sequence of isothermal experiments in
the measurement range of the DTS system. In our system, the 5 heated baths were
controlled from T1 =20◦C to T8 =90◦C with a temperature interval of 10◦C. For
each temperature, the ratio signal after the compensation is recorded.
rc(T1, z(1)), rc(T1, z(2)), …, rc(T1, z(m))
rc(T2, z(1)), rc(T2, z(2)), …, rc(T2, z(m))
…
rc(Tn, z(1)), rc(Tn, z(2)), …, rc(Tn, z(m))
where m is the number of isothermal points along the fibre and n is the number of
isothermal experiments.
With the data sets for different temperatures, n cubic splines can be obtained as the
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isothermal curves along the fibre.
m

rc(T1, z(1)), rc(T1, z(2)), …, rc(T1, z(m)) → S (T1 , z )   ci bi ( z )
i
m

rc(T2, z(1)), rc(T2, z(2)), …, rc(T2, z(m)) → S (T2 , z )   ci bi ( z )
i

…
m

rc(Tn, z(1)), rc(Tn, z(2)), …, rc(Tn, z(m)) → S (Tn , z )   ci bi ( z )
i

where bi(z) is the basis set of cubic splines and ci is the coefficients solved by a set
of tridiagonal equations.
Fig. 4.10 shows one cubic spline for the temperature of 50 degree Celsius.
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Fig. 4. 10 Cubic spline for 50 degree Celsius

From the figure we can clearly see that the non-uniform fibre loss along the fibre.
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To eliminate the effect of the non-uniform fibre loss, the cubic spline are generated
by the heated points, which is shown in black curve. The generated cubic spline is
recorded as the standard ratio profile for 50 degree Celsius. Therefore, each spline
represents the isothermal curve along the fibre for a given temperature. The whole
set of splines form isothermal curves in the temperature range. Fig.4.11 shows the
isothermal curves after the experiments.
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Fig. 4. 11 Cubic splines for different temperatures

The 8 cubic splines shown in the figure are the isothermal ratios along the fibre
from 20 digree Celsius to 90 degree Celsius, with an interval of 10 degree Celsius.
Each spline represents signals for a specific temperature and catches the features
of varying attenuation. Hence, a map of the relationship between standard
temperatures and Anti-Stokes to Stokes ratio along the fibre is established. This
map is saved into a table for temperature decoding.
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As a summary, the basic ideas of the calibration are to solve the non-uniform fibre
loss and the non-linear relationship between the temperature and the ratio. The
former is solved by the cubic spline fitting, and the latter is solved by mapping a
standard temperature-ratio function. The temperature will be calculated by
interpolation, which will be discussed later.

4.5 Temperature decoding

After the compensation and calibration, the DTS system preparation work has
been finished. The temperature decoding process is described as follows.
1) When a raw Raman signal profile is read from the A/D converter, it is
filtered and the ratio of Anti-Stokes to Stokes is calculated. The ratio is
then compensated as discussed in 4.3 to eliminate the effect of the error
introduced by the varying intensity and decay rate. After the compensation,
the ratio rc(z) contains the temperature information and is ready for the
calculation of temperature.
2) The compensated ratio rc(z) is compared with the isothermal splines S(Ti,z)
to find out which interval i it is falling in, i.e. S(Ti,z)≤r< S(Ti+1,z).
3) The temperature is calculated by linear interpolation using equation 4-12.

4-12
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It is often required to measure temperature rising speed in applications, such as fire
alarms. A straightforward solution is to calculate the difference of two successive
temperatures, but this may be contaminated by noise. In order to reduce the
differentiation noise, the estimated value of temperature rising rate is obtained
from a Kalman filter with constant gain below:

Where

is the filtered temperature profile,

is the estimation of the

temperature rising rate, T is the servo control period, Kp and Kv is the positional
and speed filter coefficient.
Fig 4.12 shows an example of the decoded temperatures from 30 degree Celsius to
90 degree Celsius.
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Fig. 4. 12 Decoded temperature profiles

Table 4. 3 specification and result of one temperature measurement test
1.

DTS devices and beginning reference fibre of 200 m in constant temperature oven set at
25 degree Celsius.

2.

End reference fibre of 20 m in hot water bath of 40 degree Celsius.

3.

5 segments of 20 m fibre (176-196; 587-607; 1223-1243; 1773-1793; 2610-2630) are

Spec.

kept in hot water baths, temperature varying from 30 to 90 degree Celsius, with an
interval of 10 degree Celsius. The rest of the fibre is kept in room temperature.
4.

Fibre length: 2910 m.

5.

Device used: APD4; WDM S/N: 110709003

6.

LPF coefficient: 0.995
Room

Decoded temp.

End ref.
Water bath

No.

Time

temp.

temp.
o

temp. ( C)
(oC)

Log

590

1230

1780

m

m

m

2620m

180m

(oC)

1.

9:20

17.8

2.

9:57

18.3

40.0

3.

10:27

19.1

40.2

30.0

29

29

30

30

29

4.

11:03

19.5

39.9

39.9

40

39

40

40

39
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5.

11:49

19.8

39.9

50.0

51

51

51

51

52

6.

12:50

19.6

39.9

60.0

60

60

60

61

60

7.

13:31

20.0

39.9

70.0

71

71

70

70

70

8.

14:12

19.8

40.0

79.9

82

81

81

82

81

9.

14:56

19.7

40.1

90.0

91

92

93

92

92

From the table, we can see the maximum error is around 2 degree Celsius, which
occurs at 90 degree Celsius. The error is greater at higher temperature (1 to 2
degrees) and smaller at low temperature (within 1 degree). This is because the
fluctuation of intensity and fibre loss become larger when temperature rises, and is
not well compensated. The error does not increase as the distance increases, which
ensure a good far end performance. Finally, the non-uniform fibre loss is
eliminated by the spline fitting, which ensure the correctness of temperature
decoding along the entire fibre.
To verify the effectiveness of the algorithm, the DTS experiments were carried out
with different hardware configuration (with different APDs). 5 heated points were
selected to evaluate the measuring errors. For each experiment, the decoded
temperatures at the 5 heated points were compared with the real temperature, and
the differences were recorded as the root-mean-square error (RMSE). The max
error (ME) was also recorded.
Table 4.4 shows the results of the first DTS configuration.
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Table 4. 4 Experiment results of DTS system with APD1
Experiment

RMSE

ME

(oC)

(oC)

1

0.8339

1.8256

2

1.0350

2.5343

3

0.8128

1.5001

4

0.8178

2.5582

5

0.9408

2.5932

6

0.8416

2.0491

7

0.4760

1.0977

8

0.6601

1.8036

From the results, the average temperature error is controlled within 1 degree
Celsius, and the maximum temperature error is about 2 degree Celsius.
Table 4.5 shows the results of the second DTS configuration.

Table 4. 5 Experiment results of DTS system with APD2
Experiment

RMSE

ME

(oC)

(oC)

1

0.9851

2.1254

2

1.2669

2.1339

3

0.7539

2.1668
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4

0.9923

3.2161

5

0.8397

2.9341

6

0.9103

2.4015

The results are similar with different DTS configurations.

4.6 Conclusion

In this chapter, an algorithm for DTS temperature measurement was developed.
First the signals were preliminarily filtered to reduce the noise. The signals are
then compensated to get rid of the effect of the fluctuation from the unstable laser
source and sensor. Then the system is calibrated with a spline to cope with varying
attenuation existing in practical applications. An isothermal map between
Anti-Stokes to Stokes ratio and temperatures from 20 degree Celsius to 90 degree
Celsius is established for the temperature decoding. Finally temperature profile is
calculated by linear interpolation of the isothermal curves. Average accuracy of
less than 1 degree Celsius and the maximum measurement error about 2 degree
Celsius have been achieved.
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Chapter 5

Software Development
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5.1 Introduction

In the previous chapters, the DTS system and the associated algorithms have been
presented and its performance has been evaluated. In this chapter, software for the
DTS monitoring is developed. The main functions of the software are measuring
temperature, viewing temperature histories, Raman signals recording and
simulation.

5.2 DTS software development

The developed software for the DTS system used in this thesis is called Distributed
Temperature Sensing System (DTSS). The software is developed under the
environment of Microsoft Visual Studio 2008.
The software is composed of two levels. The bottom level is an agent in charge of
the communication between the monitoring station and the DTS hardware system.
The communication agent involves functions for hardware settings, network
settings and data pack transfer. On the top level a Graphic User Interface (GUI) is
developed to realize all measurement and control functions. Several modules are
created at this level, and each of them is functionally independent. When the data
from the hardware are received by the communication agent, they are delivered to
the top level and trigger the display and alarm modules.
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Fig. 5.1 shows the flow chart of the software. The Raman signals are sampled in
the DTS hardware as discussed in Chapter 3, and then they are sent to the
communication agent in the monitoring station through Ethernet connection. The
communication is under the UDP protocol which will be discussed later in this
chapter. When the data packs are ready, they will be pushed onto the data
processing module, where they are processed to generate the temperature profiles
as discussed in Chapter 4. Then the processed temperature data are forwarded to
the temperature display module and the alarm module, triggering the display and
alarm event.
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Fig. 5. 1 Flow chart of the software

5.2.1 Software overview

Fig. 5.2 shows the main screen of the DTSS.
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Fig. 5. 2 Main screen of DTSS

The very top row is the menu of the software, including File, Tools, Options and
Help. The first column to the left is the function bar, in which the buttons are
Measuring, History, Settings, Calibration and Exit. The top-middle chart is the
temperature displaying window, with the horizontal axis distance in meters and
vertical axis temperature in degree Celsius. In the bottom-middle region there are
control and record buttons for the temperature displaying, as well as the log of the
Raman signals. The top-right group is the state of alarms for three user specified
zones along the fibre, to alert users to that temperature or its rate of increase is out
of range. The bottom-right box shows the temperature of the reference sections.

5.2.2 Agent of communication

The communication between the DTS hardware system and the monitoring station
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is through Ethernet. The communication protocol contains three sets of
instructions: IP address setting, A/D card configuration and Data communication.
The IP address setting and A/D card configuration only need to run once at the first
time use, and then the settings are sent to the DTS system and stored in its
non-volatile memory for all the following measurement. The most important
instruction is the data communication, as it is called in real-time when the A/D
card in the DTS system samples the Raman signals and is ready to send to the
monitoring station.
Table 5.1 shows the format of a normal data pack from the A/D card.

Table 5. 1 Format of the data pack
Data No.

Data

Words(2

Data sent

Comment

bytes)
1

Instruction code

1

2

Frame No.

1

3

Data length

1

4

Data No.

1

5

Data0

2

6
7

0-159
512+4
0-65535
Low 16 bit
High 16 bit

Data1

2

8
9

0x1212

Low 16 bit
High 16 bit

Data2

2
100

…

10

…

2

…

…

…

2

…

…

…

2

…

…

…

2

…

515

Data255

2

High 16 bit

516

Low 16 bit

The size of a data pack is 516 bytes. The first two bytes are the instruction code,
which informs data transfer. The following two bytes are the frame number of the
pack. This is because the maximum data profile length is 20480, and it is
composed by 80 consecutive data packs. The frame number is coded from 0 to 159,
in which 0 to 79 represents data for channel 0 and 80 to 159 represents data from
channel 1, where the channel 0 is the data of Anti-Stokes and channel 1 is the data
of Stokes. The third two bytes are the data length of the data pack, i.e. 516 words.
The following two bytes is the data number coded from 0 to 65535. Then it follows
255 two-byte data, numbered from 0 to 255. A full data profile for a fibre can reach
20480 sampled two-byte data (corresponding to 13.6 km fibre length), which is
generated by combining 80 data packs together.
The data packs are sent to the monitoring station automatically by the A/D card,
and the function of the communication agent is to receive the data packs
continuously, combine them together to form data profiles and generate an
interrupt to trigger other modules.
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5.2.3 Temperature measuring and alarms

Fig. 5.3 shows the temperature display and alarms window.

Fig. 5. 3 Temperature display and alarms window

In the top-middle it is the temperature display box. The horizontal axis is the
distance from the start of the fibre in meters, and the range is set according to the
measure range saved in the system settings. The main vertical axis (which is on the
left) is the temperature in degree Celsius, and the range is automatically set
according to the live temperature range along the fibre. The second vertical axis
(which is on the right) is the strength of the Raman signals. In the figure, there are
4 curves shown: temperature, Anti-Stokes signal, Stokes signal and the rising rate
of the temperature. In the middle of the temperature curve there is a cursor. If you
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drag the cursor with the mouse, the distance and the temperature at the current
location will be shown. At the bottom-middle there are 3 buttons: start/stop
measuring and record data. Beside is the real time log information about events,
such as alarms.
Below the temperature display box there are several checkboxes. The four
checkboxes on the left decide whether the related signals are to be shown in the
figure. When the “Original Signal and Pick” checkbox is checked, the figure turns
into what Fig. 5.4 shows.

Fig. 5. 4 Panel when “Original Signal and Pick” checkbox is checked

With the checkbox checked, only the original Anti-Stokes and Stokes signals will
be shown in the figure. At the bottom-middle it is the range setting panel. With the
help of the cursor, the measure range, reference range and fibre length can be set
and saved.
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Fig. 5.5 shows the working state of the alarms.

Fig. 5. 5 Working state of the alarms

There are 3 alarm zones definable in the systems, each with different threshold and
range. In Fig. 5.5, the alarm 1 is enabled and its range is shown in colors. The
green zone is the safe temporal range and the red zone is the overheated range to
cause an alarm. In the alarm panel of alarm 1, there are a pie chart and two lights.
The pie chart indicates the percentage of hot points within the entire alarm range,
which is shown in red, and the percentage of safe points is shown in green. The
light named with “T” is the temperature out-of-range indicator. That means if the
temperature of any point within the alarm range goes out of the safe temporal
range, the red light will be turned on. Similarly, the light named with “R” is the
out-of-range indicator of the temperature rising rate. At the same time, the alarm
information will be shown in the log panel, recording the time when the alarm is
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triggered.

5.2.4 Settings

The setting windows include A/D card settings, alarm settings and system settings.
Fig. 5.6 is the A/D card settings window. The group on the left is the network
settings. It is used to set the IP addresses and the port numbers for the A/D card and
the monitoring station. The group on the right is for the configuration of the A/D
card, including trigger mode, reference voltage, data length and cumulative
frequency.
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Fig. 5. 6 A/D card settings

Fig. 5.7 is the alarms setting window. It is the configurations for the 3 alarm zones.
The settings include temperature range, distance range, rising speed limit, reaction
dead zone and the enable checkbox.
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Fig. 5. 7 Alarms settings

Fig. 5.8 shows the system setting window. Within it, several system parameters as
well as other configurations can be set. The first group includes the parameters of
the DTS hardware, which are the sampling frequency of the A/D card and the
refractive index of the fibre. They are set to be constant for a measurement setup.
The second group defines the parameters for the exponential model based
decoding method, using the signal gain, decay constant and the bias. The third
group is used to select the decoding method proposed in this thesis, through signal
compensation and spline fitting. The top-right group is for the settings of signal
logging, where the recording period and spatial resolution can be specified. The
last group is for the parameters of signal filtering, which are Kalman filter gains
and the parameters for the first order filter and the median filter as discussed in
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Chapter 4.

Fig. 5. 8 System settings

5.2.5 Temperature history review

The temperature history review is designed to view the recorded temperature
profiles in a long run. In Fig. 5.8, we can see that the recording period and the
spatial resolution of the record can be set in the system settings panel. If the history
log is enabled, the software will automatically record the temperature profiles with
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the set recording period and the spatial resolution. The recorded temperature
profiles are stored in the computer as log files.
Fig. 5.9 shows the temperature history panel. It is composed of several parts. First
is the top-middle figure, showing a single frame of temperature profile. When a
certain date is chosen, all the recorded temperature profile frames during the day
can be displayed sequentially by dragging the track bar below the figure. The
panel on the right is the information sub-panel. On the top there is a calendar for
date selection. The dates with recorded temperature history will be shown in bold.
The button on the right bottom corner is to choose the date. Below are two labels
that indicate the time and resolution of the currently displayed temperature profile.

Fig. 5. 9 Temperature history panel

The history review has two modes: time record, which presents temperature
profiles as shown above and day record. The day record presents statistic
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information during a day with Japanese candle bars. Fig. 5.10 shows the day
record mode.

Fig. 5. 10 Day record mode of temperature history

The day record summarises the temperature profiles along the fibre within a day. It
uses a list of Japanese candle bars to represent the lowest and the highest
temperature along the fibre within a day. The distance interval of candles can be
chosen at the drop list in the bottom right corner of the panel. The track bar, used to
select the temperature profile frames within a day, is now used to select the
different days with temperature records.
With the two different modes for temperature history review, it is convenient to
view temperature variation in a day. It is especially useful to monitor temperature
profiles in a long period and summarizes the behavior of temperature changes.
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5.2.6 Simulation

The software is designed to be able to simulate temperature decoding with
recorded Raman signals.
In Fig. 5.2, the “record” button in the bottom-middle of the GUI is used to record
the current Anti-Stokes and Stokes signals profiles. The signals are saved in a “txt”
file. Temperature decoding can be simulated by using such historical signals in the
file. Fig 5.11 shows a simulation example with a recorded file.

Fig. 5. 11 Simulation of temperature decoding

In the simulation process, the signals are not sampled by the DTS hardware system
in real-time. The communication agent is replaced by an input generator pointing
to a selected signal file. The simulation function provides an off-line mechanism
for verification of a decoding algorithm and parameters method of the software,
which is also a complementary function to the on-line temperature monitoring.
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5.3 Summary

The DTSS is the software developed for the DTS measurement. It realizes all the
functions that are needed for distributed temperature sensing. First, it has on-line
temperature monitoring and alarming functions, which are the core of the whole
system. The temperature profile along a fibre can be displayed in the pane in
real-time and alarms can be raised against a set of temperature limits. Second, it
provides the convenient temperature history review functionality, which is very
useful for long-term trend analysis, such as temperature monitoring of lakes and
dikes. Finally, it supports off-line simulation, which is complementary to the
on-line monitoring function for temperature decoding verification.
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Chapter 6

Conclusions and future works
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6.1 Conclusions

In this thesis, a real-time, robust distributed temperature monitoring system with
high accuracy has been presented. The objective of the system is to provide a
continuous temperature profile along the optical fibre instead of discrete points.
The conventional temperature monitoring systems are composed of discrete
temperature measurement points and can not provide distributed temperature
profile. Usually the temperature profile generated from the conventional systems
is estimated from measuring the points, hence the temperatures at the intervals
between the points are not accurate or the systems can be very expensive. The DTS
system, on the other hand, provides full temperature information along an optical
fibre, which is extremely useful in fire detection, oil and gas well monitoring and
many other industrial applications, as discussed in chapter 2.
The DTS system in this thesis is composed of a laser source, a WDM module for
multiplexing lights in different wavelengths, an APD for optical to electrical
conversion to have Raman scattering signals, an A/D card for analog to digital
conversion, and an optical fibre as the sensor as well as the transmitting medium.
The temperature is decoded from the Raman scattering signals generated along the
optical fibre. A DTS system for industrial application must be robust and accurate:
it must be robust for long time monitoring, and accurate to achieve its function.
Therefore, a DTS system with dual reference is configured and an algorithm for
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robust and accurate temperature monitoring is developed. The raw Raman
scattering signals are first filtered for noise reduction. Then the signal is linear
compensated to reduce the effect of uncertainties on the laser source, photodiodes,
and fibre. This ensures the robustness and repeatability of the temperature
decoding. Then the compensated signals are fitted by spline curves for temperature
calibration, instead of using the theoretical model, so that a DTS system with
unmodeled patterns can be coped with. This ensures the accuracy of the
temperature decoding. Finally the temperature profile is generated and the
temperature rising rate is estimated by a Kalman filter. Software is developed for
temperature monitoring. Experiments have demonstrated that the developed DTS
system has achieved a high real-time performance and a strong robustness against
the uncertainties in the working environments. From the result of the temperature
experiments, an average temperature error less than 1 degree Celsius and
maximum temperature error about 2 degree Celsius have been achieved.
The main contributions of this thesis are summarised as below:
1. A signal compensation algorithm is developed for the DTS system to enhance
the robustness. In industrial applications, the uncertainties introduced by the
effect of the fluctuation in an unstable laser source and sensors can be so severe
that the measured Raman signals intensities are no longer accurate indicators
of the temperatures. With the linear regression method, the fluctuating laser
intensity is estimated by the measured intensity at the beginning reference and
the decay rate within the fibre is estimated by the intensity ratio of the two
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references. Therefore the fluctuating signal can be compensated for robust
temperature measurement. According to the result of the experiments, the
algorithm is proved to be effective for DTS systems with different APDs. This
greatly enhances the robustness of the temperature decoding process.
2. A calibration algorithm based on cubic spline fitting is developed to improve
the accuracy of the temperature decoding. This is mainly to solve the
non-uniform fibre loss problem. In real applications, the fibre loss is affected
by splices, connectors, bend and pressure on fibre, reflection from the end of
fibre and many other factors, which will change the local fibre loss. If the
signal is still calibrated by using the theoretic exponential model, significant
temperature error may be produced. The cubic spline fitting from the key
points where the local fibre loss is varying can fit the non-uniform fibre loss
well. Further on, a set of the isothermal Raman signal ratio curves are
generated and saved as a map from Raman signals to temperature. The
temperature is calculated from the interpolation of the isothermal curves. As
the non-uniform fibre loss problem is solved, the accuracy of the temperature
is greatly enhanced after elaborate calibration.
3. In this thesis, a complete DTS system (hardware and software) is developed.
The system is functioning in an effective and robust way. The system will
contribute to the following research and system development.

In summary, the compensation to eliminate the uncertainties of the signals and the
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calibration to solve the non-uniform fibre loss problem as well as a complete DTS
system developed are the main contributions of the thesis.

6.2 Future works

The DTS system developed has achieved satisfactory performances. However,
there are some issues that can be improved.
First, as from the results in chapter 4, the temperature errors at high temperatures
(80 and 90 degree Celsius) are greater than low temperatures (30 to 60 degree
Celsius). The reason is that the fluctuation of initial intensity and decay rate
become greater at high temperatures. Therefore, the performance of the DTS
system at high temperatures has room to improve. Compensation based on other
models (exponential, polynomial, neural network) instead of linear model may
have better performance.
Second, restricted by the optical fibre applied in the project, the temperature
calibration experiments rely on the sampled signals of 5 heated segments along the
optical fibre. The non-uniform fibre loss is thus approximated by the information
of the 5 segments. The accuracy of the temperature profile can be further enhanced
if the entire optical fibre is used for calibration, as the non-uniform fibre loss could
be better fitted than sparse sampling.
Third, other configurations of DTS system can enhance the performance
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intrinsically, as discussed in chapter 2. For example, the double ended optical fibre
configuration can compensate unstable decay rate by comparing signals fired from
two ends for a unique temperature. It can also make the system more reliable, even
with a breakpoint on the fibre. The dual laser sources configuration can eliminate
non-uniform fibre loss in real time with better accuracy.
Finally, the DTS system developed was practically verified in a laboratory
environment. In the next stage, we need to apply it in the real industry applications
for temperature monitoring.
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