
BRNO UNIVERSITY OF TECHNOLOGY

Faculty of Electrical Engineering
and Communication

HABILITATION THESIS

Brno, 2019 Bc. et Ing. PETR MÛNSTER, Ph.D.



BRNO UNIVERSITY OF
TECHNOLOGY
VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ

FACULTY OF ELECTRICAL ENGINEERING
AND COMMUNICATION
FAKULTA ELEKTROTECHNIKY A KOMUNIKAČNÍCH TECHNOLOGIÍ

DEPARTMENT OF TELECOMMUNICATIONS
ÚSTAV TELEKOMUNIKACÍ

SMART INFRASTRUCTURES BASED ON
DISTRIBUTED FIBRE OPTIC SENSING
CHYTRÉ INFRASTRUKTURY ZALOŽENÉ NA DISTRIBUOVANÉM OPTICKÉM
VLÁKNOVÉM SNÍMÁNÍ

HABILITATION THESIS
HABILITAČNÍ PRÁCE

AUTHOR Bc. et Ing. Petr Mûnster, Ph.D.
AUTOR PRÁCE

BRNO 2019



ABSTRACT
The habilitation thesis deals with smart infrastructures using distributed fibre optic sen-
sors to protect critical infrastructures. The thesis focuses on the analysis of suitability of
selected distributed sensing techniques for use on fibers with active data transmission.
The thesis consists of three main parts. The first part contains description of techniques
suitable for critical infrastructure protection and explanation of basic parameters related
to the solved problems. The second part presents a comprehensive practical evaluation of
simultaneous transmission of high-power sensing signal with data and non-data services,
as well as a comparison of the sensitivity of a polarization interferometer with a classical
two-arm interferometer. The third part presents two of the author’s new proposals of
methods suitable for deployment on fibers with active data transmission and at the same
time a proposal of the possibilities of distributed sensing signal amplification to minimize
the output power and thus minimize interactions with other signals. The first proposed
system deals with the analysis of the polarization state of an optical signal when exter-
nal interference is applied to the fibre. A unique detection system is presented, which
is simple and economically effective compared to classical analysis using a polariemeter.
The second design is based on a dual Mach-Zehnder interferometer using frequency shift
signal.

KEYWORDS
smart infrastructure; distributed sensing; reflectometry; interferometry; optical fibre;
critical infrastructure

ABSTRAKT
Habilitační práce pojednává o chytrých infrastrukturách využívajících distribuované op-
tické vláknové senzory pro ochranu kritických infrastruktur. Práce se zaměřuje na analýzu
vhodnosti vybraných technik distribuovaného snímání pro použití na vláknech s aktiv-
ním datovým přenosem. Práce se skládá ze tří hlavních částí. První část obsahuje popis
technik vhodných pro ochranu kritických infrastruktur a vysvětlení základních parame-
trů souvisejících s řešenou problematikou. Druhá část představuje komplexní praktické
zhodnocení simultánního přenosu vysoce výkonného senzorického signálu s datovými, ale
nedatovými službami a rovněž srovnání citlivosti polarizačního interferometru s klasic-
kým dvou ramenným interferometrem. Třetí část uvádí dva autorovy nové návrhy metod
vhodných pro nasazení na vlákna s aktivním datovým přenosem a současně návrh mož-
ností distribuovaného zesílení senzorického signálu pro minimalizaci výstupního výkonu.
První navržený systém se zabývá analýzou stavu polarizace optického signálu při půso-
bení vnějšího rušení na vlákno. Je představen unikátní detekční systém, který je oproti
klasické analýze pomocí polarimetru ekonomicky výhodný. Druhý návrh je založen na
duálním Machově-Zehnderově interferometru s využitím frekvenčního posunu signálu.
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chytrá infrastruktura; distribuované snímání; reflektometrie; interferometrie; optické
vlákno; kritická infratruktura
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Introduction
The optical fibre as we know it today is relatively young. It dates back to the 1970s
and is associated with Corning company. The fibre attenuation was below 20 dB/km,
which of course would not allow today’s long distance transmissions. Today’s fibres
achieve attenuation below 0.2 dB/km and more than 4.5 billion kilometres of fibres
is installed across the globe. Optical fibre is the most widespread type of medium
and can be found in almost every part of the globe [93].

Optical fibres allow high-speed transmission over long distances. Thanks to mul-
tiplexing techniques, it is possible to transmit multiple signals in one fibre simulta-
neously and multiply the optical fibre capacity. But data is not the only application
that takes advantage of fibre optic infrastructures. There is an increasing interest
in new services such as accurate time and ultra stable frequency transmission or
a quantum key distribution. A separate chapter is the optical fibre sensors, which
offer a number of advantages in comparison to conventional techniques and are in
many cases irreplaceable. Until recently, telecommunications and sensor technolo-
gies were two separate fields, both in science and research, and in the commercial
sector. With the increasing demand for smart cities and smart infrastructures it
is possible to use the existing optical infrastructure not only for data transmission
but also for sensing, for example, temperature or acoustic vibrations in the vicinity
of the fibre optic cable. So-called "Smart infrastructures" can perform a number of
functions, such as critical infrastructure protection [24]. The Early Warning Sys-
tem can serve to protect nearby pipelines, monitor traffic on roads, fire detection or
protect the fibre optic infrastructure itself. Since in some places it is not possible or
it is not economically advantageous to lay new fibre optic cables for transmission of
new services, it is necessary to share existing fibres with active data transmission.
However, this can pose a number of problems as some sensor systems use high-power
optical pulses that may interfere with other services.

The purpose of this thesis is to provide the basic overview of techniques suitable
for use in critical infrastructures protection. This thesis has three main goals. The
first goal is to present a theoretical background which focuses on the description of
various distributed sensing schemes and principles, and description of basic param-
eters related to the presented field. The second goal is to provide the assessment of
chosen schemes in terms of possible interaction and assessment in terms of sensitiv-
ity. This part is based on author’s results published in impact factor journals and
international conferences indexed in WoS. The third goal is to present author’s re-
sults achieved in the field of the design of advanced signal amplification techniques.
This part also contains two novel concepts whereas one concept was published in
impact factor journal and at international conference and the second concept has
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not yet been published as this was not possible due to patent rules.
The thesis is divided into three parts that deal with described goals. Chapter 2

focuses on the pedagogical goal and contains the theoretical background and fibre
optic sensing techniques description. Chapter 3 contains practical results and a
detailed assessment of simultaneous transmission of data and new services, and also
sensitivity comparison of two interferometry systems. Chapter 4 is dedicated to a
scientific part and presents author’s scientific work. The overview of this thesis is
described in the Chapter 1.
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1 Thesis Overview
In this chapter an overview of the thesis is provided. Section 1.1 presents scope of
the thesis and author motivation. Then, thesis objectives are described in Section
1.2 and relation to author’s publications and contributions is in Section 1.3. Finally,
thesis organization is outlined in Section 1.4.

1.1 Scope and Research Motivation
The scope of this work involves fibre optic sensing systems for use in already existed
fibre optic data infrastructure. The thesis focuses on distributed sensing systems us-
ing standard single mode optical fibre in optical cables already buried under ground.
The solutions presented utilize fibre optic interference or scattering. On one hand,
simple and relatively cost-effective solutions based on fibre optic interferometry but
also robust systems based on phase sensitive optical time domain reflectometry are
proposed. On the other hand, interferometers do not offer localization in basic con-
figuration and their sensitivity is very high which causes interference. Reflectometry
based systems are expensive, generate large amounts of data that need to be pro-
cessed and use high power pulses that can interfere with data signals when fibres
with active data traffic are used. Therefore, research in the field of the suitability of
individual technologies is necessary and also design of new schemes is needed. This
thesis deals with the design of new schemes of distributed fibre optic sensing systems
based on optical interferometry, both, two-arm interferometer and single-arm polar-
ization interferometer. For reflectometry based sensing system as is Φ-OTDR (Phase
Sensitive Optical Time Domain Reflectometer) experimental verification of a weak
signal amplification is investigated. The thesis also provides suitability assessment
of parallel and simultaneous transmission of the high-power phase sensitive optical
time domain reflectometry signal, 100 Gbps DP-QPSK (Dual Polarisation Quadra-
ture Phase Shift Keying) data signal, and accurate time in a single optical fibre using
a wavelength division multiplexing based on DWDM (Dense Wavelength Division
Multiplexing) spectral grids.

1.2 Thesis Objectives
The objectives of the thesis are as follows:

• The thesis presents basic assumptions in the field of optics, such as coherence
length or polarization, and also the basic theory regarding to distributed fibre
optic sensing technologies and principles suitable for use in optical fibre based
data infrastructure.
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• The second objective of the thesis is to present the detailed assessment of the
suitability of selected technologies for the protection of critical infrastructures
in terms of the possible interactions of the high-power pulse signal (which is
typical for reflectometric systems) with other signals, as well as the comparison
of the sensitivity of interferometric systems.

• The third goal of the thesis is to propose novel designs and systems that are
more efficient in comparison with related work and could be deployed in various
applications and scenarios where current technologies are reaching their limits
or novel setups can bring some benefits.

1.3 Relation to Author’s Publications and Contribu-
tion

This thesis presents author’s scientific work and results published since 2015. The
main results and proposals presented in the thesis have been published in vari-
ous international journals with impact factors (e.g. [84], [65], [35], [34], [64]) and
international journals and conferences dedicated to sensors or telecommunications
(e.g. [69], [62], [17], [63], [66], [78], [16], [77]). In addition, the author is also a
main author or co-author of various publications related to other security topics in
telecommunication networks, especially in access networks, and also topics focusing
on transmission of special services over fibre infrastructure (accurate time, stable
frequency and a quantum key distribution). These results are published in inter-
national journals with impact factors ([37], [36], [57], [96], [40], [86]) and various
international journals and conferences ([48], [39], [31], [56], [37], [83], [2], [95], [97],
[38], [59], [49], [41], [32], [101], [94], [33], [30], [102], [29], [73], [74]).

None of the results or proposed solutions presented in this thesis were published
in the author’s Ph.D. thesis or any past author’s theses. The Ph.D. thesis focused
solely on telecommunication networks, specifically parameters of access networks.
In this habilitation fibre optic sensors are the main topic.

The contribution of this thesis is threefold:
• Pedagogical contribution: Chapter 2 describes various important param-

eters and prerequisites from the field of fibre optic sensors necessary to know
and understand to. Further, technologies suitable for use in fibre infrastruc-
ture with an active data transmission including both, interferometry and re-
flectometry based sensing systems are introduced to readers. The basics of
accurate time and high-speed data transmission are also presented in this
chapter. Moreover, the brief overview of mathematical expression of the main
parameters of each system is provided. This theoretical part of the thesis of-
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fers foundation and concrete examples regarding to conventional and advanced
sensing technologies with a focus on a smart fibre optic infrastructure creation.

• Practical contribution: Chapter 3 contains description of data and non-
data services used for experimental measurements. Practical results and de-
tailed assessment of simultaneous transmission of different type of services
with a high-power pulse signal is presented. The obtained results can help
with future research and the practical deployment of reflectometry based sens-
ing systems on fibres with active data trasnmission. Further experimental
measurements bring results in the assessment of the sensitivity comparison of
polarization and interferometric systems.

• Scientific contribution: Chapter 4 presents author’s original scientific work.
Two novel proposed systems and concepts of distributed sensing systems that
are described in the theoretical part are presented. Main goal of both pro-
posals described in Sections 4.2 and 4.3 is to provide efficient and practical
solutions for creating of a smart fibre infrastructure. The research of a signal
amplification described in Section 4.1 have been presented at international con-
ference dedicated to telecommunications/sensing [62]. The proposal described
in Section 4.2 have been presented at international conferences dedicated to
telecommunications/sensing [88], [6], and one more is under preparation and
will be submitted to international journal with an impact factor MDPI (Mul-
tidisciplinary Digital Publishing Institute) Sensors. The proposal described
in Section 4.3 has not yet been published as it was necessary to wait for the
patent application to be filed.

1.4 Thesis Organization
This thesis contains 4 chapters and is organized as follows:

• Chapter 1 presents the scope of the thesis in Section 1.1, the thesis objectives in
Section 1.2, the contribution of the thesis with relation to author’s publications
in Section 1.3, and thesis organization in Section 1.4.

• Chapter 2 contains the theoretical background and presents common sensing
schemes. The chapter introduces prerequisites necessary for further text un-
derstanding in Section 2.1, conventional distributed fibre optic sensor schemes
in Section 2.2 and a description of data and non-data services in Section 2.3.

• Chapter 3 contains assessment of simultaneous transmission of different type
of services and also sensitivity comparison of two different interferometry sys-
tems. Section 3.1 briefly introduces the photonic services which are rather
common especially in research networks. Further, the chapter discusses the
practical results and the detailed assessment of simultaneous transmission of
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different type of services with a high-power pulse signal in Section 3.2 and the
sensitivity comparison of polarization and interferometric systems in Section
3.3.

• Chapter 4 introduces author’s novel proposals in the field of distributed sens-
ing. The Chapter presents two proposals and also new techniques of a signal
amplification like remote pumping or holding beam. Section 4.1 presents an
amplification of a weak backscatter signal for a maximum distance extension.
Section 4.2 presents a novel method based on polarization beam splitter and
balanced photodetector for state of polarization analysis. Section 4.3 intro-
duces a novel concept of the Mach-Zehnder interferometer using a frequency
shift of an optical signal for creating second interferometer in the same fibres
resulting in localization of the event.

• Chapter 5 concludes this thesis.
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2 Fibre Optic Sensors Background
Nowadays, optical fibre is considered to be the most widespread medium. The main
reasons include – high transmission capacity, low susceptibility to electromagnetic
and radiofrequency interference, and transmission in the optical domain. In order
to understand the principle of transmission, it is important to realize that light is
electromagnetic wave and optical fibre propagation is based on the principle of total
reflection at the interface of two refractive index environments. The refractive index
therefore characterizes the environment and is a key parameter in most distributed
fibre optic sensing systems.

History of deploying the first fibre-optic distributed systems dates back to the
1980s. A major limitation was the availability and cost of key components such as
laser diodes, integrated optical modulators, as well as the optical fibre itself. With
the advancement of new technologies, the price of components is decreasing, and the
availability of these components increases rapidly, as shown in the graph in Fig. 2.1
[23].

Components 
availability

Price of 
components

Market ratio 

Optical sensors 

Quality of components

1980 2000 2020

Fig. 2.1: Graph of component price vs. component availability over time [23].
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2.1 Background and Preliminaries
The basic parameters necessary for understanding of the text below are explained
in brief.

2.1.1 Laser Diode Wavelength

It is the expression of the frequency of laser source and expresses the length of one
wave period in the given environment. Wavelength is expressed by [71]:

𝜆 = 𝑐

𝑛 · 𝑓
, (2.1)

where 𝜆 is the wavelength, 𝑐 is the speed of light in vacuum, 𝑛 refractive index,
and 𝑓 is the frequency of the laser source. Obviously, a higher frequency corresponds
to a shorter wavelength. In fibre optic transmissions frequencies are in the order of
hundreds of terahertz or wavelengths in the order of units of micrometers.

Usually, windows based on attenuation characteristics of standard optical fibres
are used according to ITU (International Telecommunication Union Telecommuni-
cation Standardization Sector) [71]:

• O (Original), 1260–1360 nm,
• E (Extended), 1360–1460 nm,
• S (Short wavelength), 1460–1530 nm,
• C (Conventional), 1530–1565 nm,
• L (Long wavelength), 1565–1625 nm,
• LU (Ultra), over 1625 nm.

2.1.2 Optical Power

It characterizes the power of the laser source and thus intensity of the light radiation
emitting from the source. Optical power can be in Watts or logarithmically in
decibels above the milliwatt (dBm). Conversion from W to dBm can be expressed
as [91]:

𝑃𝑑𝐵𝑚 = 10 · 𝑙𝑜𝑔10
𝑃𝑤𝑎𝑡𝑡

1𝑚𝑊
, (2.2)

where 𝑃𝑊 𝑎𝑡𝑡 is the power of the laser source in Watts. The power of laser sources
varies according to the target application. For optical communications, sources with
a transmit power of about 1 mW, i.e. 0 dBm, are used. Continuous-wave fibre optic
lasers have power outputs of up to 40 mW, or 16 dBm. For special applications it is
possible to get optical sources with higher power [91].
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It is also important to realize the difference between peak power and average
power. Based on definition of peak energy,

𝑃𝑝𝑒𝑎𝑘 = 𝐸

Δ𝑡
, (2.3)

we can calculate total pulse energy from which average power is given by equation
[91]:

𝑃𝑎𝑣𝑔 = 𝐸

𝑇
= 𝐸𝑓. (2.4)

Although the average power of some distributed sensor systems based on the
reflectometry principle is relatively small, peak power can reaches power of up to
units/tens of Watts and thus affect data transmission in other channels due to non-
linear phenomena.

2.1.3 Laser Diode Spectral Linewidth

Spectral linewidth describes mono-chromaticity of the laser source and is mostly
given in Hz (usually GHz, MHz or kHz). It is measured at either a signal amplitude
drop of 50% or 90% and is referred to as FWHM3𝑑𝐵 (Full Width at Half-Maximum)
or FWHM10𝑑𝐵. The width of the spectral line is directly influenced by the mod-
ulation of the carrier signal and is, for simple modulations, extended by twice the
modulation symbol rate. Thus, the expression of the spectral linewidth makes sense,
especially for continuous-wave laser sources, where current coherent transmissions
already require a linewidth below 100 kHz. Spectral linewidth required for sensor ap-
plications is then determined from the required coherence length, which is discussed
below.

2.1.4 Coherence Length

It describes the distance over which radiation loses its initial coherence (cohesion)
by its propagation in the environment. Thus, the coherence length can be expressed
from the knowledge of FWHM as [13]:

𝐿𝑐𝑜ℎ = 𝑐

𝜋 · Δ𝑣
. (2.5)

Where Δ𝑣 is the full width at half-maximum linewidth. The coherent length
increases with the narrower spectral linewidth of the laser source and would be
infinite for ideal monochromatic light. Selected values for the 1550 nm region are
shown in Tab. 2.1

21



Tab. 2.1: Selected coherence lengths for the 1550 nm region

Spetral linewidth Coherent length
200 MHz 477 mm
50 MHz 1.91 m
1 MHz 95.4 m

200 kHz 477 m
50 kHz 1.91 km

4.77 kHz 20 km
1.91 kHz 50 km
0.95 kHz 100 km

Obviously, for purely coherent short reach applications is sufficient to have a
spectral linewidth in units of MHz, while for long reach applications very narrow
linewidth sources in units of kHz are required.

2.1.5 Polarization of the Light

Light is an electromagnetic wave, which means that it is an oscillation of the electric
field intensity vector E and perpendicular to it the magnetic field induction vector
B. Electric and magnetic fields change in time and these changes propagate at a
finite speed – solution is an electromagnetic wave. The description of the light wave
is based on the solution of Maxwell’s equations. Electromagnetic waves have two
planes of polarization – along the x-axis and along the y-axis. The general equation
of propagation of a polarized light wave in the direction z of propagation can be
described by two linearly polarized components in the x and y axes [82]:

𝐸𝑥(𝑧, 𝑡) = 𝐸0𝑥𝑐𝑜𝑠(𝜏𝜔 + 𝜑𝑥), (2.6)

𝐸𝑦(𝑧, 𝑡) = 𝐸0𝑦𝑐𝑜𝑠(𝜏𝜔 + 𝜑𝑦), (2.7)

where x, y are the components in x, y directions, 𝐸𝑥(𝑧, 𝑡) and 𝐸𝑦(𝑧, 𝑡) are max-
imum amplitudes of electric field, 𝜏𝜔 is called propagator, and 𝜑𝑥, 𝜑𝑦 describe the
phases. In isotropic medium the polarization ellipse is almost same in every part
and wave is elliptically polarized. State of polarization describes orientation and
ellipticity of the ellipse. Ellipticity in a medium can become to be straight or circle.
In that case wave is linearly polarized or circularly polarized, respectively [82].

Types of polarization in optical fibre:
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• Elliptically polarized light – the direction of the vector E changes over
time and describes the ellipse.

• Linearly polarized light – the direction of the vector E is constant in a
particular plane.

• Circularly polarized light – the vector E describes the circle.
In most communication systems as well as in most sensory systems, polarization

is an undesirable effect causing distortion and additional noise. On the other hand,
current high-speed data transmission systems utilize polarization for increasing ca-
pacity using polarization multiplexing.
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2.2 Distributed Fibre Optic Sensors
In general, optical sensors can be divided into extrinsic and intrinsic sensors. For
extrinsic or hybrid sensors is typical that measurement itself is outside the optical
fibre and optical fibre serves only for light/information transmission. In the case of
intrinsic sensors, the fibre itself serves as a sensor. The basic distribution of intrinsic
sensors is shown in Fig. 2.2, with highlighted technologies suitable for creating smart
optical infrastructures to protect critical infrastructures.

Intrinsic fibre optic sensors

Microbend sensors

Raman

Brillouin

 Temperature

 Temperature
 Strain

 Strain
 Vibration

Rayleigh

Fibre Bragg gratings 
(FBG)

 Strain
 Temperature
 Eternal refractive index

 Strain
 Preasure
 Temperature

Distributed sensors

Backscatter-based 
sensors

Interferometric 
sensors

Mach-Zehnder Michelson

Fabry-Perot Polarization

 Acoustic
 Temperature
 Pressure
 Refractive index

 Acoustic
 Acceleration
 Pressure
 Temperature
 Strain

 Acoustic
 Magnetic field
 Electric field
 Acceleration
 Strain
 Temperature
 Current

 Acoustic
 Magnetic field
 Electric field
 Temperature
 Strain

Sagnac

 Rotation
 Acceleration
 Strain
 Acoustic
 Wavelength
 Magnetic field
 Current

Fig. 2.2: Intrinsic fibre optic sensors with highlighting technologies suitable for smart
optical infrastructures [23].

2.2.1 Interferometric Sensors

This section focuses on the first order interference known also as field interference
which is based on spatial or temporal coherences between two light beams [79]. The
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phase of the light can change due to external perturbations acting on the fibre,
therefore the changes of the light phase can be used for the detection of physical
quantities such as acoustic vibrations or strain. The relationship between phase
change and optical path difference can be described as follows [23]:

Φ(𝑟, 𝑡) = 𝑛𝑘𝐿 = 2𝜋

𝜆
𝐿(𝐿, 𝑟), (2.8)

where 𝑛 is the refractive index, 𝜆 is the wavelength and 𝐿(𝑟, 𝑡) describes the
optical path length which is described as 𝑛𝐿. Two beam interferometry enables
the measurement of extremely small phase changes. Low frequencies below 50 kHz
are measured thanks other materials as a coating are connected to the fibre by
adhesives, to produce dominantly Δ𝐿 change. In addition, Δ𝑛 occurs due to fibre
strain coefficient [23].

Stability of fibre interferometers is given not only by fibre surrounding environ-
ment but also by laser diode frequency stability. Change of laser diode frequency
𝑑𝑣 will cause change of phase ΔΦ. In case of laser diode frequency instability 𝑑𝑣𝑛,
the output can be described as [23]:

𝑑Φ𝑛 = 2𝜋𝑛Δ𝐿𝑑𝑣𝑛

𝑐
. (2.9)

Mach-Zehnder Interferometer

The use of the MZI (Mach-Zehnder Interferometer) for acoustic vibration measure-
ment has found enormous application due to its simple configuration. MZI is con-
sidered to be a cost effective solution for a distributed fibre optical sensing. Fig. 2.3
shows the basic configuration of the Mach-Zehnder interferometer. Signal from a
light source (a highly coherent laser diode) is divided in 2×2 optical coupler into
two arms. In general, external vibrations should be applied to the sensing arm while
the reference arm should be isolated from external vibrations. Thus, optical path
difference causes phase modulation between the sensing arm and the reference arm.
Subsequently, phase modulations are converted to intensity modulation by another
coupler 2×2 and converted to an electrical signal by a photodetector [79].

In the basic configuration, only events can be detected. In order to locate the
place of origin of the event, it is necessary to combine the MZI with another method
(for example, dual MZI configuration is common) [79].
Dual MZI – signal from laser is equally divided into two paths – clockwise and
counterclockwise. The clockwise signal is coupled directly and the counterclockwise
signal is coupled from the opposite site. As soon as external vibration is applied to
the sensing arm, a phase change between the two arms occurs at the corresponding
point. At both ends, signals from the photodetectors are received. Due to the fact
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Sensing arm

Reference arm

Fig. 2.3: Basic configuration of the Mach-Zehnder interferometer.

that both interferometers use the same fibres but spreading in opposite directions,
an information where the external vibrations occurs can be calculated according to
the formula [79]:

𝑥 = 𝐿2 − 𝑐Δ𝑡/(2𝑛), (2.10)

where 𝑥 is the distance from the event location to the second coupler, 𝐿2 is the
length of the interference area, and Δ𝑡 is the time delay that can be obtained by the
correlation operation. Since the clockwise and counterclockwise signals are emitted
from the same laser and are affected by the same vibration, the two interfering
signals detected by the photodetectors have a strong correlation. Therefore, the time
delay Δ𝑡 can be calculated by locating the peak positions of the mutual correlation
function between the two detected signals. This ensures localization of the event
using a dual MZI [79].

Michelson Interferometer

Like the Mach-Zehnder interferometer, the MI (Michelson Interferometer) is a widely
used technique. A typical MI configuration for acoustic vibration sensing is shown in
Fig. 2.4. Signal from a highly coherent laser source is divided by an optical coupler
into two paths and launched into two fibres (reference and sensing). At the end
of the fibres FRMs (Farraday Rotator Mirrors) are placed which cause that signals
are reflected back and then recombined in the same optical coupler. It is important
to keep the basic condition – the optical path difference between two beams is less
than the laser coherent length. The basic MI configuration resulted in a number of
modified configurations to improve a measurement capability [79].

Compare to Mach-Zehnder interferometer Michelson interferometer requires only
one coupler. Because the optical signal propagates twice through the fibre the optical
phase shift per unit length of fibre is doubled.
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Fig. 2.4: Basic configuration of the Michelson interferometer.

Polarization Interferometer

Polarization is a property of waves that can propagate in multiple planes. Standard
single mode optical fibre is a low birefringent medium. As a result it typically
exhibits changes owing to random fluctuations in the SOP (State of Polarization).
The refractive index of the fibre may vary depending on strain or vibration applied
on the fibre. This phenomenon is called the photoelastic phenomenon. In addition,
in some cases the strain or pressure in different directions is different. The light
spreading in the fibre is in general elliptically polarized and for different polarization
modes 𝑛1 ̸= 𝑛2 due to fibre birefringence. Therefore, there is a phase difference
between the different polarization directions, and external vibrations can be sensed
by detecting a change in the polarization state [23].

2.2.2 Reflectometry-based Sensors

This type of fibre optic sensors are based on the use of backscattering while the
forward signal propagate through the optical fibre. Scattering is a general physical
process that results from the deviation of particles, toward space, from a straight
trajectory. As light passes through the optical fibre, some of the radiation is not only
absorbed but also scattered. Radiation scattering can occur as a result of a collision
between light radiation and small solid particles of matter, possibly on molecules.
Backscattering used for distributed sensing are depicted in Fig. 2.5.

There are two kinds of scatterings [23]:
• Elastic – in the case of elastic scattering, the energy of the reflected photon

(even for a molecule) does not change and the wavelength is not changed.
Elastic scattering includes Rayleigh scattering.

• Inelastic – in inelastic scattering, part of the photon energy is transferred to
the molecule, or part of the energy is also received. The resulting radiation has
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Fig. 2.5: Backscattering in single mode optical fibre.

a different frequency than the original frequency. Inelastic scattering includes
e.g. Raman scattering.

Phase Sensitive Optical Time Domain Reflectometry, Φ-OTDR

The first information about OTDR was reported more than 30 years ago [15], [7].
From that time this technique is widely used in telecommunications for detection of
disturbances in fibre optical links. In basic configuration a modulated laser source,
fibre optic circulator and photodetector are used for the Rayleigh backscatter de-
tection. Since the laser source spectral width is relatively broad (from GHz to THz
range), the back-scatter signal is insensitive to all events caused by temperature or
acoustic vibrations. Using the narrow linewidth laser source system becomes sensi-
tive to temperature and acoustics. Basic configuration of the Φ-OTDR is depicted
in Fig. 2.6. Φ-OTDR systems are often referred to as DASs (Distributed Acoustic
Sensors).

The backscatter method evaluates the dependence of the backscattered optical
power during the propagation of the optical pulse through the measured fibre. In
1899, the English physicist John William Strutt, later also called Lord Rayleigh, de-
served of this phenomenon. It was based on the assumption that light molecules are
scattered directly by the air molecules and mathematically justified that the energy
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Fig. 2.6: Basic configuration of the Φ-OTDR. LD (Laser Diode), G (waveform gen-
erator), AOM (Acousto-Optic Modulator), EDFA (Erbium Doped Fibre Amplifier).

of scattered radiation strongly depends on the wavelength, inversely proportional
to its fourth power and directly proportional to the eighth power of the refractive
index of the environment. This means that light with a larger wavelength (eg. red)
diffuses less than light with a shorter wavelength (eg. blue) [28]. The Rayleigh
scattering (see Fig. 2.7) is based on the elastic collision of photons of the incoming
light with the molecule of the measured physical quantity. In this elastic collision,
the energy 𝐸 of the reflected photon does not change, which means that the newly
formed scattered light radiation does not change the wavelength [4]. When a photon
collides with a molecule, the molecule momentarily reaches an excited (higher) vi-
bration energy level, but almost immediately returns to its initial energy level. Since
there is no absorption, but also no emission of energy, the photon after the collision
has the same energy as before the collision and therefore the same wavelength [4].

Rayleigh scattering can be described by Rayleigh scattering coefficient [18]

𝛾𝑅 = 8 · 𝜋3

3 · 𝜆4 · 𝑛8 · 𝑝2 · 𝛽𝑇 · 𝑘 · 𝑇 (𝑚−1), (2.11)

where 𝜆 denotes the wavelength, 𝑛 is the refractive index, 𝑝 is the photoelec-
tric constant, 𝛽𝑇 denotes the isothermal compressibility of the material, 𝑘 is the
Boltzmann constant, and 𝑇 indicates the absolute temperature.

The backscatter power may be described as [18]:

𝑃𝑅(𝑡) = 𝑃𝑖 · 𝑆 · 𝛾𝑅 · 𝑊0 · 𝑣𝑔 · 𝑒𝑥𝑝−𝛾·𝑣𝑔 ·𝑡

2 = 𝑃𝑅(0) · 𝑒𝑥𝑝−𝛾·𝑣𝑔 ·𝑡. (2.12)

The 𝛾 is the attenuation coefficient and is equal to 1/20𝑡ℎ of the gradient of a
plot of Rayleigh back-scatter attenuation in dB. The 𝑃𝑖 is the input power, 𝛾𝑅 is
the Rayleigh scattering coefficient and S is the fraction of captured optical power
and is defined for step index fibres as [18]:
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Fig. 2.7: Rayleigh scattering [4].

𝑆 = 𝑁𝐴2

4𝑛2 , (2.13)

where NA is the numerical aperture and n is the fibre refractive index. Using
values 𝑁𝐴 = 0.12, 𝑛 = 1.46 and 𝛾𝑅 = 4.6 · 10−5 the Eq. (2.12) can be simplified as
[18]:

𝑃𝑅(𝑡) = 7.8 · 𝐸𝑝 · 𝑒𝑥𝑝−𝛾·𝑣𝑔 ·𝑡 = 7.8 · 𝐸𝑝 · 𝑒𝑥𝑝−2𝛾·𝑥. (2.14)

In the Eq. (2.14) 𝐸𝑝 = 𝑃𝑖 · 𝑊0 represents the pulse energy in Joules. For average
power 150 mW and pulse duration 200 ns the 𝑃𝑅(0) is 230 nW [18].

The pulse repetition rate is dependent on the maximal length of the optical fibre,
as described in Eq. (2.15).

𝜏 = 2 · 𝐿

𝑣𝑔

= 2 · 𝐿

𝑐/𝑛
(𝑠). (2.15)

For fibre optical link with total length of 40 km necessary time for one pulse
spreading from the beginning to the end and back is defined as:

𝜏 = 2 · 𝐿

𝑐/𝑛
= 2 · 40 · 103

3 · 108/1.46 = 3.89 · 10−4 (𝑠), (2.16)

and repetition rate is then:

𝑓 = 1
𝜏

= 1
3.89 · 10−4 = 2.57 (𝑘𝐻𝑧). (2.17)
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Spatial resolution for a pulse with the time duration of 500 ns is:

Δ𝑧 = 𝑐 · 𝑇𝑝

2 = 2 · 108 · 5 · 10−7

2 = 50 (𝑚). (2.18)

More information about other parameters of the sensor system such as spatial
resolution or about required technical parameters of the equipments of the system
can be found in reference [85].

Brillouin Optical Time Domain Reflectometry – B-OTDR (Brillouin Optical
Time Domain Reflectometry)

In principle, the Brillouin OTDR is also based on conventional OTDR. B-OTDR
systems are often referred to as DTSS (Distributed Temperature and Strain Sensor).
The method utilizes stimulated Brillouin scattering at a supercritical value of the
optical power input. The side bands close to the carrier wavelength, the so-called
Brillouin Stokes and anti-Stokes, are used for the evaluation. These systems are
capable of sensing temperature in addition to vibrations (strain) [70].

The interaction between the propagating optical wave and the acoustic oscillating
particles of the optical fibre (phonons) generates Brillouin scattering, which prop-
agates in the opposite direction. Since the phonon are exponentially distributed,
the Brillouin scattering spectrum has the character of a Lorenz distribution. The
frequency of the backscattered signal is shifted from the frequency of original signal
by 𝜈𝐵 ≈ 11 GHz for a wavelength of 1 550 nm. This frequency shift is referred to
as the Brillouin shift 𝜈𝐵. If the fibre is stressed longitudinally by the pressure of 𝜖,
the Brillouin frequency shift 𝜈𝐵 will be proportional to this pressure. This can be
expressed as [70]:

𝜈𝐵(𝜖) = 𝜈𝐵(0) + 𝑑𝜈𝐵(𝜖)
𝑑𝜖

· 𝜖, (2.19)

where 𝜈𝐵(0) is the initial Brillouin shift, 𝜈𝐵(𝜖) the Brillouin shift caused by strain 𝜖

and coefficient 𝑑𝜈𝐵/𝑑𝜖 is given by [70]:
𝑑𝜈𝐵

𝑑𝜖
= 0.5 (𝐺𝐻𝑧 /% 𝑠𝑡𝑟𝑎𝑖𝑛). (2.20)

The Brillouin shift can also be expressed generally based on a change in refractive
index [58]:

𝜈𝐵 = 2 · 𝑛𝑉𝐴

𝜆0
(𝐻𝑧), (2.21)

where 𝑛 is the fibre core refraction index, 𝜆0 is the wavelength and the constant 𝑉𝐴

expresses the rate of acoustic signal propagation in a given environment. It can be
expressed by relation [58]:

𝑉𝐴 =
√︃

𝐾

𝜌
(𝑚/𝑠), (2.22)
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where the parameter 𝐾 expresses the modulus of compression and 𝜌 indicates the
density of the material by which the acoustic wave propagates. For standard single
mode optical fibres this value is 5 775 m/s [58].

The distance from the beginning of the measured fibre to the point of origin of
the Brillouin scattering shift can be expressed by the time of propagation of the
optical pulse from its transmission to the receipt of the backscattered signal 𝑇 [70]:

𝑍 = 𝑐𝑇

2𝑛
, (2.23)

where 𝑐 is the speed of light in vacuum and 𝑛 is the refractive index of the optical fibre
core. Based on the power of the frequency shifted signal, it is possible to calculate
the corresponding strain applied on the fibre at a specific distance by means of the
Lorenz curve.

Electric circuits Signal Processing

ν0
ν0+νs

ν0+νs-νB

LD AOMEDFA

Fig. 2.8: Example of B-OTDR setup.

An example of a B-OTDR configuration scheme is shown in Fig. 2.8. The signal
emitted by the DFB (Distributed Feedback) laser at 𝜈0 passes through an EDFA and
a pulse modulator which also make a frequency conversion with a frequency shift
𝜈𝑆 approximately corresponding to a Brillouin shift 𝜈𝐵 ≈ 11 GHz at a wavelength
of 1 550 nm. This signal is then launched to the fibre under test. The power of the
Stokes component (shift 𝜈𝐵 towards lower frequencies) of the backscattered signal
is generally higher than that of the anti-Stokes component (shift 𝜈𝐵 towards higher
frequencies). Therefore, only the Stokes component, which is very close to the
original frequency 𝜈0 can be used for measurement and then [70]:

𝜈0 + 𝜈𝑆 − 𝜈𝐵 ≈ 𝜈0. (2.24)

In this way, it is possible to create a coherent heterodyne signal. Gradual change
of the modulated frequency 𝜈𝑆 eg. in steps of 10 MHz and by repeated measurements
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gives a spectrum of Brillouin scattering at each point of the measured fibre. By
further signal processing it is possible to convert the measured signal into a strain
distribution along the optical fibre. The spatial resolution is given by the equation
2.18 as in the common OTDR. How much dB is Brillouin backscattered signal
attenuated is given by [3]:

𝑅𝐵 = 10𝑙𝑜𝑔
[︂
𝛼𝐵 · 𝑆

𝑐 · 𝑇𝑝

2

]︂
(𝑑𝐵), (2.25)

where 𝛼𝐵 is the Brillouin attenuation coefficient (≈ 1.32 · 10−6 m−1), 𝑆 is the
ratio of the Brillouin backscattered signal to the total scattered signal, 𝑐 is the speed
of light propagation in the fibre and 𝑇𝑝 is the pulse width. For pulse width 1 µs and
corresponding spatial resolution 100 m it is ≈ −67.5 dB.

The filtering of the Brillouin backscattered signal from the Rayleigh takes place
in the electrical region by means of a bandpass filter with a bandwidth 𝐵, thereby
attenuating it. This is defined as the ratio between the filtered signal component and
the total Brillouin scattering. This attenuation can be calculated by the equation[3]:

𝑇𝑆 = 10𝑙𝑜𝑔
[︂ 2 · 𝐵

𝜋Δ𝜈𝐵

]︂
(𝑑𝐵), (2.26)

where Δ𝜈𝐵 is the Brillouin shift (explained above). For a bandwidth of 1 MHz
corresponding to a spatial resolution of 100 m and a Brillouin shift of Δ𝜈𝐵 = 30 MHz,
the signal is attenuated by an additional 16.5 dB by electrical filtration.

For the above settings, the Brillouin backscattered signal would be ≈84 dB lower
than the forward signal, which is more than 3 orders of magnitude compared to the
Rayilegh backscatter component. For this reason, it is necessary for the B-OTDR
to use a coherent heterodyne detection, by which the signal can be amplified by up
to 20 dB [3].

The critical power value at which the stimulated Brillouin scattering (𝑃𝑆𝐵𝑆)
becomes apparent can be expressed as the signal power at which the backscatter
is [58]:

𝑃𝑆𝐵𝑆 = 4, 4 · 10−3𝑑2𝜆2𝛼𝐵 (𝑊 ), (2.27)

where 𝑑 is the core diameter with the attenuation 𝛼, the wavelength 𝜆, and spec-
trum width 𝐵. Stimulated Brillouin scattering arises from 5 mW of power coupled
to the optical fibre.

DTSS systems are mainly used in geotechnics and construction, the fibre length
is usually several kilometres or tens of kilometres and the resolution of the unit of
meters. For use in a current fibre data infrastructure as a more suitable seems to be
modified configuration B-OTDA (Brillouin Optical Time Domain Analysis) which

33



allows using of lower optical power thanks to optical amplification based on OPLL
(Optical Phase Lock Loop).

2.3 Data and Non-data Services

2.3.1 Accurate Time

The need to measure and know the current time is essential in all areas of human ac-
tivities. Such need has accompanied the human civilization since its very beginning,
although in the past, people mostly depended on utilization of a calendar. Time, as
known today, was derived from the apparent movement of the Sun in the sky (more
precisely, from the Earth’s movement within the Solar System). However, this came
with an issue: as soon as the necessity of knowing and measuring also smaller units
of time such as hours, minutes, etc., problems did arise. Traditional solutions of
course exist since ancient times, but as the time progressed, new types of time mea-
surements such as so-called water clocks, or purely mechanical constructions which
do not depend on Sun’s movement have been discovered [34].

The clock is nowadays being understood as a device that contains a source of
frequency produced by periodically repeated event and a device dedicated to count-
ing such events. This principle applies to every clock, from pendulum, electronically
controlled clock, crystals clock, to atomic clock (where a period source and the as-
sociated counter are always present). All types of clocks, even if being very precise,
they slightly differ from each other. This leads to a question about how to compare
the precision of a large variety of different types of clocks? The first step in order
to do that is to select a reference time scale. In the past, GMT (Greenwich Mean
Time) quantifying the mean solar time at the meridian passing through the Green-
wich Observatory, was chosen for this purpose. At the same time, this observatory
ensured the distribution of time both by shooting from a cannon at noon, and later
also optically, using a falling balloon. This method was provided a good-enough
precision for ships moored to the Thames in the vicinity of Greenwich. Other obser-
vatories could have implemented the GMT scale in a similar way, enough to know
their longitude, i.e. the time shift from the prime meridian [34].

With the emergence of accurate time and frequency standards, an irregularity
of the average solar time was detected, leading to an average solar time scale being
no longer appropriate. As a result, the definition of the second as a 1/86400 of
an average solar day had to be updated. After the construction of atomic clocks,
which is based on utilization of small changes of electron energy in the atoms with
a single valence electron, a unit of second was redefined in 1967: “The second is
the duration of 9 192 631 770 periods of the radiation corresponding to the transition
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between the two hyperfine levels of the ground state of the cesium 133 atom”. This
so-called atomic second also introduced two new time scales: TAI (International
Atomic Time) and UTC (Coordinated Universal Time). TAI is a time scale that
uses the combined output of some 400 highly accurate atomic clocks. It is mainly
used in physics. UTC is the basis for civil time today. It is based on the same
atomic second clock provided by atomic clocks, but respects Earth’s rotation by
including a leap second when the the solar time scale UT1 differs from UTC for
more than 0.9 seconds. UTC is therefore a discontinuous time scale and gradually
deviates from the TAI. At present, the difference is 37 s [34].

The previously mentioned description of UTC and TAI time scales in fact intro-
duces a major technical problem: how to accurately compare time scales represented
by the atomic clocks from different locations? Since the 1970’s when the TAI scale
has been defined, many different methods have been developed. These methods
include the simplest ones such as transferring of running atomic clocks between lab-
oratories, as well as more sophisticated ones that are used nowadays at a distance
of several thousand kilometres, such as the simultaneous receiving signal from the
same GNSS satellite at two different locations. The time uncertainties reached using
this particular method are in the order of nanoseconds. Significantly more accurate,
but very costly, is the TWSTFT (Two-Way Satellite Time and Frequency Transfer)
method, using a reserved channel on a geostationary communication satellite. This
method is mainly used between laboratories in Europe and the USA (United States
of America) achieving uncertainty below 1 ns. Over the last decade, optical fibres
have begun to succeed in such field. Various methods of transmitting precise time
and stable frequency over a distance of hundreds to thousands of kilometres have
been developed. Optical fibres have been used practically for almost 10 years and
represent the only realistic possibility of comparing the output of the most stable
current sources of frequency, the so-called optical clocks whose frequency output
is in the optical range of the electromagnetic spectrum, unlike the classical atomic
clocks generating the frequency in the range GHz. After the planned redefinition of
second, based on optical clocks, the importance of optical fibre transmission is going
to be even more significant [34].

The optical path requirements used for the transmission of time and/or frequency
depend primarily on the choice of the utilized method [34]:

1. Network packet transfer – classical network technologies i.e. NTP (Network
Time Protocol) and PTP (Precision Time Protocol), resp. IEEE-1588 (Insti-
tute of Electrical and Electronics Engineers) protocol do not impose on the
optical path any specific requirements: Layer 2 (Ethernet) or Layer 4 UDP
(User Datagram Protocol) is used. The actual transmission takes place in the
same way as in the case of a metallic cables, and it is not important whether
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the optical transmission is bi-directional (a single fibre is used) or uses a pair
of unidirectional optical fibres.

2. WR (White Rabbit) technology – uses a synchronous Ethernet over the optical
fibre. It is based on the assumption of the same length of the optical path
in both directions. It also assumes a presence of bidirectional transmission in
single fibre and uses standard optical transceivers.

3. Technology based on amplitude modulation by RF (Radio-Frequency) signal
– for this purpose, various methods have been developed. The characteristic
feature of these methods is the RF modulation signal for encoding transmit-
ted time labels. These methods assume a symmetrical transfer path in both
directions, i.e. bi-directional transmission using a single fibre, and possibly
suitable methods for compensating delay variations due to external influences,
especially temperature. In terms of the required bandwidth, a single DWDM
channel for each direction is sufficient. Standard transceivers or fibre lasers
are used as the source of the optical signal.

4. Transmission of unmodulated optical signal – subject of transmission is the
unmodulated carrier signal from stabilized laser, which is controlled by a source
of stable optical signal (e.g. an optical clock). Therefore, such method is used
only for the frequency transmission, and not utilize for the time transmission.
The standard uncompensated transmission path provides stability in the order
of 1·𝑒−14 to 1·𝑒−15. To increase the stability to the order of 1·𝑒−19, it is required
to stabilize optical fibre noise, i.e. to eliminate low-frequency interference
caused mainly by vibration and shaking of the optical fibre. This method has
low optical channel width requirements, a 50 GHz DWDM channel is sufficient
enough.

2.3.2 High-speed Data

High-speed data networks are ubiquitous today almost everywhere and the only
medium capable to satisfy constantly growing needs for more capacity is fibre. Some
current data transmissions are based on OOK (On-Off Keying), but new systems
are based on coherent detection principles and use multilevel phase modulations
like DP-QPSK for 100 Gbps transmission speeds and 64QAM (64-level Quadrature
Amplitude Modulation) is used for 400 Gbps transmission for commercially available
equipment [34].

OOK (On-Off Keying)

The simplest technique uses optical pulses. If an electrical signal is transmitted in a
certain time window (slot), it corresponds to a logical value of “1”, if the electrical
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signal is not transmitted it corresponds to a logical value of “0”. Based on the logic
state “1” or “0”, the optical signal is ON or OFF. This technique is a special kind
of amplitude digital modulation and is called OOK modulation.

OOK modulation can be distinguished into two basic formats, RZ (Return-to-
Zero) and NRZ (Non Return-to-Zero). The simplest modulation format is NRZ. The
optical pulse of the NRZ format is generated over the entire duration of one bit. In
the RZ format, the time of each optical pulse is shorter than the bit slot time, half
that of the NRZ format, the amplitude of the optical pulse returns to zero before
the bit duration ends. The advantage of the NRZ format is the relatively small
bandwidth which allows a simple transmitter and receiver design. Optical pulses
have a narrow optical spectrum. This reduced spectral width improves dispersion
resistance and is also advantageous for implementation in DWDM systems [72]. The
reduced spectral width also brings disadvantages resulting in an increase of inter-
symbol interference between individual pulses. In addition, long sequences of the
same bit values may cause loss of signal synchronization. The NRZ format is not
suitable for high-speed and long-distance transmission systems, especially current
100 Gbps and higher transmissions [72].

For the RZ format is typical that the amplitude of the optical pulse returns
to neutral level (zero voltage) at half the bit duration. These returns to neutral
levels are used for signal synchronization. Furthermore, the RZ format allows in-
creased resistance to non-linear phenomena, suppressing the effect of inter-symbol
interference, suppressing the effects of polarizing mode dispersion, and increasing
receiver sensitivity. The disadvantage is the larger spectral width of the RZ for-
mat than the NRZ format. The large spectral width reduces dispersion resistance,
while decreasing the spectral efficiency. The RZ format is suitable for high-speed
and long-distance transmission systems, but for 100 Gbps and higher transmissions
high-order modulation formats must be used [72].

DP-QPSK (Dual-Polarization Quadrature Phase Shift Keying)

The current trend is to use multiplexing at the level of symbols from data streams.
Multiplexing in this case is not mean to multiply the bit rate using multiple wave-
lengths but to multiply the symbol rate by using a polarization multiplex. The
modulation (symbol) rate indicates the number of signal elements (symbols) trans-
mitted per second.

Quadrature Phase Shift Keying is a digital modulation technique used in optical
fibre communication. It uses two orthogonal polarization planes of the laser beam,
using QPSK modulation for each polarization plane [44]. QPSK modulation can
transfer a pair of data bits (dibit) to a signal element, a symbol, DP-QPSK doubles
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this value, and can transfer four bits of data to one symbol. DP-QPSK uses the
polarization switching of two different QPSK signals to double spectral efficiency.
DP-QPSK is a modulation mainly used in polarization multiplex systems with trans-
missions over 100 Gbps in combination with coherent detection and self-correcting
codes [54].
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3 Assessment of Suitability of Fibre Optic
Sensing Techniques for Use in Data Net-
works

The goal of the Chapter is to evaluate possible interactions of fibre optic sensor
signals with other signals (data signals and accurate time transmission) in a single
optical fibre. Discussed are different standards of optical fibres and also various spec-
tral grids. The chapter also presents sensitivity comparison of two different sensing
systems. This Chapter contains various results from selected author’s publications
such as [63], [66], [65], [61], [60], [35], [34], and [64] that are focused on simultane-
ous transmission of sensing signals with another data/non-data signals and also on
comparison of polarization and interferometry sensing systems. The structure of the
Chapter is as follows: In the first Section, data and especially non-data services are
defined in terms of measurement. The second Section describes experimental mea-
surement results of simultaneous transmission of selected services with high-power
sensing signal over different types of fibres. Presented sensing system is own devel-
oped system that was awarded at the Photonics Europe – Innovation Village in 2018
[92]. The results have been published in the journals with impact factor [35], [34]
and at international conferences indexed in WoS (Web of Science) [61], [60]. The
last Section focuses on sensitivity comparison of an interferometry and polarization
methods for use in fibre infrastructure protection. Presented results have been pub-
lished in the journal with impact factor [65] and at international conferences indexed
in WoS [63], [66].

3.1 Photonics Services Description

3.1.1 Accurate Time Transmission

Systems for highly accurate time scales comparison utilize a method based on a bi-
directional transmission with symmetrical transport delay in both directions [19, 90].
The principle can be seen in Fig. 3.1.

The two adapters are connected by a two-way optical line. Each of the adapters
is provided with the 1 PPS (Pulse Per Second) timing signal and 10 MHz frequency
from local clock at its input, two electrical signals are internally generated, specifi-
cally: 𝑇𝑅𝑖 (i = A, B), representing the received and decoded 1PPS signal from the
remote adapter, and 𝑇𝑆𝑖 representing the moment when the encoded 1PPS signal is
sent to the optical line. The 𝑇𝑆𝑖 and 𝑇𝑅𝑖 signals are fed into two TIC (Time Inter-
val Counter), that are started by the 𝑇𝑖 signal – the 1PPS input signal. The first
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Fig. 3.1: Home developed time adapter

TIC is used to measure the interval 𝑥𝑖 between 𝑇𝑖 and 𝑇𝑅𝑖 (the difference between
a local and a remote 1PPS). The second TIC is used to measure the delay in the
𝜀𝑆𝑖 adapter, i.e. the time between the 𝑇𝑖 and 𝑇𝑆𝑖 signals. Internal structure of the
adapter is shown in Fig. 3.2, photo of a real device is in Fig. 3.3 [34].
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Fig. 3.2: Scheme of developed time adapter by CESNET.

The 1PPS pulse from the local clock arrives at the adapter A at time 𝑡𝐴. It is
then sent to the optical line at time 𝑡𝑆𝐴 and received by the adapter B at time 𝑡𝑅𝐵.
By analogy, 1PPS from the remote clock arriving at the adapter B at time 𝑡𝐵, is
sent at 𝑡𝑆𝐵 and received by the adapter A at time 𝑡𝑅𝐴. Thus, Θ𝐴𝐵 = 𝑡𝐵 − 𝑡𝐴 is the
offset of both clocks, 𝜀𝑆𝑖 = 𝑡𝑆𝑖 − 𝑡𝑖; 𝑖 = A, B is the delay within the adapter 𝑖, and
𝛿𝐴𝐵 = 𝑡𝑅𝐵 − 𝑡𝑆𝐴 (can also be defined as 𝛿𝐵𝐴 = 𝑡𝑅𝐴 − 𝑡𝑆𝐵) is the line delay from A
to B (B to A) [34].

By using TICs outputs (two in each location), it is possible to measure the
internal delay of the 𝜀𝑆𝑖 adapter and the following time intervals [34]:

𝑥𝐴 = 𝑡𝑅𝐴 − 𝑡𝐴 = Θ𝐴𝐵 + 𝜀𝑆𝐵 + 𝛿𝐵𝐴, (3.1)

𝑥𝐵 = 𝑡𝑅𝐵 − 𝑡𝐵 = − Θ𝐴𝐵 + 𝜀𝑆𝐴 + 𝛿𝐴𝐵. (3.2)
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In the case of a symmetric line, the delay 𝛿 in both directions will be the same,
specifically: 𝛿 = 𝛿𝐴𝐵 = 𝛿𝐵𝐴. In a real optical path, we can either transmit the signal
unidirectional with the same wavelength in a pair of optical fibres or bi-directionally
in a single optical fibre at different wavelengths. In the first case, there will struggle
with an asymmetry of the physical length of the fibres, in the latter case the optical
propagation velocity will slightly differ, as is given by the coefficient of chromatic
dispersion, which generally depends on the wavelength. In both cases, there will be
an asymmetry of delay Δ [34]:

Δ = 𝛿𝐵𝐴 − 𝛿𝐴𝐵, (3.3)

which needs to be computed in the case of a bidirectional transmission in a single
fibre or evaluated during the phase of the calibration of the transmission route. With
that said, the time offset of the clock is given by [34]:

Θ𝐴𝐵 = ((𝑥𝐴 − 𝑥𝐵) + (𝜀𝑆𝐴 − 𝜀𝑆𝐵) − Δ)
2 . (3.4)

As mentioned above, wavelength and polarization sensitivity of refractive index
needs to be taken into account. For example, 𝐿 = 95 km, 𝑑 = 17.5 ps/nm/km,
Δ𝜆 = 0.8 nm and 𝐷 = 200 ps/nm results in the propagation time difference of
1.49 ns. Otherwise, in case of time transfer in a pair of unidirectional fibre, there is
no possibility to calculate the delay asymmetry, as we cannot guarantee the same
physical length of both fibres – the delay asymmetry must be evaluated during the
phase of the calibration of the transmission route [34]. With that said, the time
offset of the clock is given by:

Θ𝐴𝐵 = ((𝑥𝐴 − 𝑥𝐵) + (𝜀𝑆𝐴 − 𝜀𝑆𝐵) − Δ)
2 . (3.5)

Fig. 3.3: Photo of the time transfer adapter developed by CESNET
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3.1.2 High-speed Data Systems

The used transmission systems are based on OOK modulation in the case of 1/10 Gbps
bit-rate, and DP-QPSK modulation in the case of 100 Gbps bit-rate.

High-speed OOK data system

For 1/10 Gbps measurements, the EXFO FTB-700G service tester in the FTB-1
platform was used. The device allows to evaluate the BER (Bit-Error Rate) of the
transmitted data signal. The Fig. 3.4 shows photo of the measurement device used
for testing [25].

Fig. 3.4: Photo of the FTB-1 with FTB-700G tester [25].

High-speed coherent data system

The Coriant Groove™platform for data transfer was used. This platform is dedi-
cated for high-speed networks (up to Tbps) and supports programmable DWDM
line interface bandwidth and performs optimization of a high-capacity transmission
from 100G to 200G per port. Coherent line interfaces provide flexible rates for each
transmission speed 100G (DP-QPSK), 150G (DP-8QAM), and 200G (DP-16QAM)
etc. [14]. The Fig. 3.5 shows a photo of the measurement device used for testing.

3.1.3 Sensing System

We used our own back-scatter based fibre-optic sensor system based on the Rayleigh
scattering. Basic block scheme of CESNET’s Φ-OTDR system is shown in the
bottom part in Fig. 3.7. The ultra-narrow linewidth laser from a commercial vendor
generates a CW (Continuous Wave) signal at 1550.92 nm which is first divided by
coupler 50:50 into two arms. One part of the signal was used as a local oscillator
for a back-scatter signal amplification, the other one was amplified in a high-power
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Fig. 3.5: Photo of the Coriant Groove G30 [14].

EDFA to output optical power up to 27 dBm (0.5 W). Amplified output signal from
high-power EDFA was then modulated by AOM to high-power pulse signal with a
maximum value of 23 dBm due to insertion losses of AOM and patch cables. On both
circulators, there are FBGs (Fibre Bragg Gratings) which serve as precise mirror
with a central wavelength corresponding to wavelength 1550.92 nm of used laser. In
our case, two circulators with FBGs also enable launching of other signals (data,
time, and frequency) into fibre. The Fig. 3.6 shows a photo of the measurement
device used for testing.

Fig. 3.6: Photo of the own designed and developed DAS.

43



3.2 Simultaneous Transmission of the High-power
Φ-OTDR, Standard Data, Accurate Time and
Their Possible Interaction

Since optical fibre is a standard medium for all current and newly build networks
these networks offer possibility for connecting new type of applications over long
distances almost to anywhere. However, with increasing number of applications,
number of dedicated fibres growing up. This constitution is quite unpractical and un-
economical especially if wavelength division multiplexing technology enables trans-
mission of multiple different signals over one fibre. It is more than suitable to
use this technology for cost reduction and network efficiency increase. Wavelength
division multiplexing technology is a common technology in data networks where
parameters of all signals are optimized (especially maximum optical power) for si-
multaneous transmission. In case of non-data applications the situation is more
difficult because each application is represented by different type of signal and has
its own requirements for transmission parameters. Hence it is necessary to evaluate
possible interactions before field deployment. We dealt with possible interaction of
a coherent 100 Gbps DP-QPSK data signal with new applications like accurate time
transmission and high-power pulse signal used for distributed sensing. In laborato-
ry setup we performed a measurement with a standard G.652D single mode optical
fibre, G.655 fibre which can also be found in some networks and also with G.653
which may cause more non-linear interactions. All signals were transmitted in a grid
with 100GHz spacing according to ITU standard [26].

Fibre networks are the only way how to satisfy the ever growing needs for more
bandwidth and this trend will continue in following years because no successional
technology is expected to replace optical fibre soon. Commercial optical transmission
systems can transmit data at speed 400 Gbps per one lambda [21], with one terabit
just round the corner, and the total number of lambdas is up to one hundred or even
more. This is tremendous amount of data but there are also other areas of fibre optic
networks, which are not focused only on enormous number of bits transmitted.

New applications like accurate time transfer or ultra-stable frequency transfer
have been rather common, especially in NREN (National Research and Educational
Networks). High speeds cannot satisfy requirements of such applications because
minimal and stable delays are necessary. Other area which has been developed
rapidly in recent years is fibre-optic sensing. Fibre-optic sensors are used in many
areas of industry and it is clear that such interest in these sensors increases every
year.

High speed data transmission, new applications like time and frequency and fibre-

44



optic sensors must share the common fibre optic infrastructure because it would not
be economically feasible to build separate fibre networks, especially on bigger geo-
graphical scales like pan-European long distance networks. For this reason, parallel
and simultaneous transmission of standard data, time/frequency, and sensing signals
is rather new and unexplored area of research.

With rise of coherent optical transmission systems we can see some new trends
when building optical networks. Few years ago it was necessary to deploy compen-
sators of chromatic dispersion to allow 10 Gbps signals using OOK to achieve more
than 80 km. Coherent systems were able to transmit 100 Gbps signals to distances
up to a few thousands of kilometres without any need to compensate for chromatic
or polarization mode dispersion and today 200 Gbps signals can travel up to one
thousand kilometres over standard single mode fibre G.652. Because of such big
distances, vendors do recommend to remove all compensators of chromatic disper-
sion and promote so called DCM (Dispersion Compensating Module) free networks
because it is well known fact that DCFs (Dispersion Compensating Fibres) will
decrease all optical reach of coherent systems because of stronger nonlinear effects
(DCF has smaller core diameter hence higher power density and stronger nonlinear
effects). DSP (Digital Signal Processing) can compensate for linear (chromatic dis-
persion) and stochastic (polarization mode dispersion) phenomena but DSPs cannot
compensate for noise coming from optical amplifiers or nonlinear effects. There are
papers describing these facts and practical aspects are described in the deliverable
of pan-European project and R&E network GÉANT [1].

Unfortunately, accurate time signals are slow and OOK modulated, therefore
may experience the degrading effects of chromatic dispersion (effects of polarization
mode dispersion are less distinctive). Ultra-stable frequency signals are not modu-
lated at all, information transmitted is the frequency of photons and such signals are
CW. Fibre sensing signals can be somewhere in between these limits and it is evident
that fibre optic networks optimized for coherent high speed signals and systems are
not optimal for new time/frequency/sensing applications.

3.2.1 State of the Art

The accurate time or stable frequency are traditionally important in the fields of
metrology, navigation, fundamental physics, and legal time keeping. Nowadays,
they are also important for significantly broader range of fields, e.g., sensing, Earth
sciences, geodesy, astronomy and seismology. Advances in atomic, optical and quan-
tum science have led to significant improvement in the accuracy of atomic clocks.
Research in the field of atomic clock/s helped to push the boundaries of basic and
applied research. The concept of atomic optical time is presented in [55]. Moreover,

45



authors of [8] presented research focused on increasing the accuracy of atomic clock
up to 6.4·10−18. This resulted in the improvement of the International System of
Units’ (SI) [10], the search for time variation of fundamental constants [80], the
clock-based geodesy [42], as well as other accuracy tests of the fundamental laws
of nature [8]. Traditional radiofrequency methods of precise time and transmission
and dissemination use satellite methods. More accurate Two Way Satellite Time
and Frequency Transfer (TWSTFT) method [45] achieves sub nanosecond stability
however it requires pair of dedicated channels on geostationary satellite, so it tends
to be very expensive. Much affordable is so called Common View method using one
or more Global Navigation Satellite Systems as GPS (Global Positioning System) ,
GALILEO, GLONAS (GLObal NAvigation Satellite System) , etc [104]. However
optical methods are able to deliver significant improvements in terms of stability
mainly to utilisation of optical carrier with frequency of hundreds of THz (typically
200–600 THz). They can be used to satellite communication [76] or deployed on the
ground, However the performance of the ground methods is compromised by limited
reach and stability due to weather induced attenuation or turbulences respectively,
[27]. Methods using optical fibres benefits from significantly shorter path compared
with satellite based methods) and the possibility of active transmission stabilization.
Optical time transfer methods deliver accuracy in the order of picoseconds (or even
better) which is significantly better when compared to standard network methods,
i.e., according to the IEEE Std. 1588. Another advantage over satellite transfer is
elimination of possible jamming and spoofing attacks and also elimination of the
antennas and the necessity of having a clear sky view, which might be challenging-
to-achieve in underground facilities or very large buildings. Recently, there has been
increased number of theoretical studies, laboratory trials and even field implementa-
tions of time and frequency transfer, e.g., [20, 81, 68, 98, 96, 100, 89, 53, 12]. Many
works [107, 99, 51, 103] deal with simultaneous transmissions of accurate time and
stable frequency. By transferring exact time and stable frequency, simultaneous
transmission of two photonic services is realized. Next, [52] presents a simultaneous
transmission, where the timestamps transmission is implemented by phase modu-
lation with a spread spectrum pseudorandom modulation at 20 Mchip/s. A signifi-
cant part of works report overcoming large distances using fibres shared with data
transmissions [20, 53, 98, 96, 100]. At present, there are only a limited number of
publications dealing parallel involvement of further photonic services e.g. optical
fibre sensing. Works [61, 35, 60] describe the idea of involvement and realization of
parallel optical fibre sensing, however in a little limited manner for different types
of optical fibre and sensing system pulse duration only.
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3.2.2 Experimental Setup and Results

During the measurement, emphasis on different fibres was placed. Initial testing was
conducted using a photonic service (accurate time), sensing system, and data trans-
fer. Each of the services was defined by its own wavelength. Measurement of BER
was performed automatically using Coriant Groove™ G30 in 1 minute period. We
aimed at demonstrating the possibilities of data flow being influenced by the pulse
generated by our sensing system. It can be assumed that low-power signal will re-
sults in the availability of a service throughout the testing, whereas gradual increase
in pulse duration will eventually affect the data signal. The data signal was not the
only service being monitored. The accurate time transmission allows evaluation of
delay in the fibre. Optical fibres are defined by their type and refractive index. After
each of the optical fibres was measured, a combination of different types of fibres
was created. Measured values of pre-FEC-BER (pre-Forward Error Correction–Bit
Error Rate) indicate error rate prior applying any correction algorithm.
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Fig. 3.7: Measurement scheme with Φ-OTDR details.

The scheme depicted in Fig. 3.7 contains: accurate time, stable frequency, data
signal, and high-power sensing system. First, time with frequency and data (DP-
QPSK) were multiplexed together with 100GHz channel spacing. Sensing signal was
added later (sensor signal uses high-power pulses which could damage multiplexer
input port) and was transferred with other services through one fibre. The lengths
of used fibres were 7 km in case of G.652D and G.653, and 10 km in case of G.655
fibre.
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Combination: Time, Sensor, Data and Frequency, G.652D and G.655 fibres

Fig. 3.8 shows allocated wavelengths of all services. More precisely, the following
wavelengths were used: time transfer at 1550.12 nm (channel 34), frequency transfer
at 1552.52 nm (channel 31), data transfer at 1551.72 nm (channel 32), and Φ-OTDR
at 1550.92 nm (channel 33).
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Fig. 3.8: Wavelengths allocation for measurement scheme – time, Φ-OTDR, data,
and frequency.

Results and Discussion

The first measurement was with a spool of standard telecommunication fibre G.652D
with a 10 kHz repetition rate and with different pulse durations (200, 500, and
1000 ns). The attenuation of such fibre is less than 0.2 dB/km at 1550 nm and
≈0.31 dB/km at 1310 nm, respectively. Second measurement was realized with the
same pulse durations and repetition rate but a different spool of fibre was used.
Fibre G.655 has higher attenuation values in comparison with G.652D: ≈0.21 dB/km
at 1550 nm and ≈0.35 dB/km at 1310 nm. The quality of data signal measures
commercial system itself. Graphs in Fig. 3.9 show comparison of pre-BER-FEC of
100G DP-QPSK data transfer for both fibres. From Fig. 3.9 on the left is obvious
that BER values are approximately constant till the launched power reaches value of
24 dBm. Then the BER value is decreasing rapidly. For G.655 fibre were obtained
approximately the same results as for G.652D but the threshold was 22 dBm. After
another increasing of EDFA output power the data transmission had more errors,
see Fig. 3.9 right.

Graphs in Fig. 3.10 provide a comparison of q-factor of 100G DP-QPSK data
transfer for both fibres. For all measured pulse durations, dependence of a q-factor
on EDFA output power is approximately same as in case of BER measurement.
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Fig. 3.9: Influence of high-power pulse signal on quality (BER) of DP-QPSK data
signal for G.652 fibre.

Increasing of EDFA output power over some threshold and increase of pulse duration
value lead to decrease of q-factor values. All results show decreasing pre-BER-FEC
and q-factor values for higher EDFA powers but time and frequency transmissions
remained stable all the time.
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Fig. 3.10: Influence of high-power pulse signal on quality (q-factor) of DP-QPSK
data signal for G.653 fibre.

Combination: Data, Sensor, Time and Frequency, G.652D and G.653 Fibres

From Fig. 3.8 is evident used channel spacing which is 100 GHz. Corresponding
wavelengths of systems were: 1 550.12 nm (channel #34) for data transfer, 1 550.92 nm
(channel #33) for sensor system, 1 551.72 nm (channel #32) for accurate time trans-
fer, and 1 552.52 nm (channel #31) for stable frequency transfer. In this case not
only pulse duration and EDFA output power were changed but also different repe-
tition rates were evaluated.
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Results and Discussion

The first measurement was with a spool of optical fibre G.652D. It is standard
telecommunication fibre with zero dispersion wavelength about 1 300 nm and at-
tenuation less than 0.2 dB/km at 1 550 nm. Since the spacing between high-power
sensor signal and frequency transfer was 200 GHz the frequency was relatively stable
for all the measurement. The remaining two systems (time transfer and data) were
set only 100 GHz next to sensor system and hence they were affected more. In case of
accurate time transfer the system worked only in two modes: for EDFA output op-
tical power up to 25 dBm system worked well with propagation delay 35471 ns. For
power over 25 dBm system completely stopped working. The quality of data signal
evaluates commercial system itself. Graphs in Fig. 3.11 show Q-factor and pre-BER-
FEC of 100G DP-QPSK data transfer. One can see decreasing values of Q-factor
when EDFA output optical power exceeds 25 dBm. The same situation appears for
pre-BER-FEC. With increasing optical power of a pulse signal the number of errors
increase. Thanks to FEC (Forward Error Correction) system is able to correct all
corrupted/missed data but at the cost of reducing the maximum transmission rate.
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Fig. 3.11: Influence of high-power pulse signal on quality of DP-QPSK data signal
for G.652 fibre.

The same measurement has been performed using DSF fibre which has zero
dispersion wavelength about 1 550 nm. As was described earlier we expected much
more nonlinear effects and hence higher signal degradation. Measurement results
are depicted in graphs (Fig. 3.12) showing Q-factor and pre-BER-FEC of 100G DP-
QPSK data transfer.

Compare to G.652 fibre decreasing of Q-factor values started for lower EDFA
output optical power in case of G.653. The same situation appears for pre-BER-
FEC. For power over 23 dBm number of bit errors grew up. The FEC system was
not able to correct all corrupted/missed data in this case. Time transmission was
affected when power exceeded 23 dBm.
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Fig. 3.12: Influence of high-power pulse signal on quality of DP-QPSK data signal
for G.653 fibre.

Combination: Time, Sensor, Data, G.652D, G.653, G.655 Fibres and Combi-
nation of G.652D and G.653 Fibres

The following wavelengths were used: time transfer at 1550.12 nm (channel 34), data
transfer at 1551.72 nm (channel 32), and Φ-OTDR at 1550,92 nm (channel 33). As
in the first measurement the repetition rate was 10 kHz and dependence of various
pulse durations on EDFA output power was evaluated.
Results and Discussion

Fig. 3.13 shows the results for G.652D and G.653 fibres, respectively. As can be
seen, the associated pre-FEC-BER values are independent and show a certain scat-
tering pattern. However, linear dependence cannot be assumed at this point. The
scattering could theoretically be eliminated by using a longer measuring period. For
our measurement, the period of one minute was chosen. Coriant Groove™ G30 sup-
ports measuring ranges of 1, 15, or 60 minutes. As more emphasis is put on proving
an influence among the services, use of longer period was not necessary. The pre-
FEC-BER values are indicative of the measurements. However, as can be seen in
Fig. 3.13, the values of pre-FEC-BER gradually decreasing as the increasing power
of the sensor system affects the data transmission. It should be pointed out that
for the G.652D fibre, i.e. the standard telecommunication fibre, the accurate time
transmission was stable for all tested pulse durations and all output power levels of
the EDFA. The average time delay was ≈35328.415 ns. On the right side of Fig. 3.13,
measurements of a single G.653 fibre are visualized. With the increasing sensor sys-
tem’s power, values of the pre-FEC-BER got worse by an order in comparison to
G.652D fibre. The accurate time transmission dropped out immediately after in-
creasing the sensing system’s power from 25 dBm to 26 dBm, even for the shortest
pulse with a pulse duration of 20 ns. After increasing the pulse duration from 20 to
500 ns, the accurate time transmission was corrupted if the sensory system’s power
level reached 23 dBm. Another increase of pulse duration up to 800 ns did not affect
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the accurate time transmission. The transmission failure occurred again after the
sensory system’s power increased from 22 to 23 dBm. Next, the pulse duration was
raised to 1 𝜇s and the accurate time transmission showed frequent errors (no delay
value displayed) from the power of 22 dBm. This trend is reflected by decreasing the
pre-BER-FEC values on Coriant Groove™ G30, as can be seen in Fig. 3.13 (on the
right side). As a result, G.653 fibre was found to be the least appropriate to conduct
simultaneous transmission of photonic services. The average accurate transmission
time delay was ≈34968,292 ns.
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Fig. 3.13: Measurement results for G.652D (on the left side) and G.653 fibre (on
the right side).

The previous two fibres had the same length of 7 km. In comparison to that,
G.655 fibre has the length of 10 km. The results for G.655 fibre measurement are
very similar to those for G.652D. Fig. 3.14 (on the left side) shows the measured pre-
FEC-BER values for the G.655 fibre. In comparison with the previous examples,
biggest scattering is to be found using this particular fibre. As mentioned above,
these errors are caused by the measurement methodology, when a very short period
was chosen to measure the data sequence during the evaluation. None of the tested
pulse duration disturbed the accurate time transfer during the measurement, and
there were no errors such those found for the G.653 fibre. With the maximum power
of the sensor system and pulse durations 500, 800, 1000 and 2000 ns, comparable
pre-FEC-BER values were achieved. The last measured optical route was made
by combining G.652D and G.653 fibres. From the results (see Fig. 3.13) it is clear
that the sensor system could not affect any of the services in the G.652D fibre. In
comparison with the G.653 fibre, disturbing the accurate time transmission appeared
even when the shortest pulse of the sensor system was used. For this reason, a
combination of both fibres was created as the current optical-paths can be made
up of individual sections where the use of different types of fibre is not excluded.
Keeping the parameters stable across the optical path is essential for the operation
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of photonic services. With the shortest pulse being used, there were no failures of the
accurate time transmission. By increasing the pulse duration to 500 ns, occasional
errors did occur, however. With a further increase of the power to 28 dBm, such
errors occurred more and more frequently. The average accurate time delay was
≈70234,602 ns.

18 20 22 24 26 28
3.5

4

4.5

5

5.5

EDFA output power (dBm)

–l
og

(B
ER

)
(—

)

20 ns
500 ns
800 ns
1 𝑢s
2 𝑢s

18 20 22 24 26 28
3.5

4

4.5

5

5.5

EDFA output power (dBm)

–l
og

(B
ER

)
(—

)

20 ns
500 ns
800 ns
1 𝑢s
2 𝑢s

Fig. 3.14: Measurement results for G.655 (on the left side) and a combination of
G.652D and G.653 fibres (on the right side).

3.2.3 Conclusions

In order to use the photonic services, it is crucial to keep their parameters stable with
the reserved bandwidth across the spectrum throughout the optical-path. Trans-
mission of accurate time and stable frequency is often described and implemented
separately, although these are special applications that have very specific require-
ments to be fulfilled. Next, we also presented our own sensor system based on the
principle of Φ-OTDR as well as a system for accurate time transmission. Both of
these systems were used during the measurements. As the WDM principle has been
known for several decades, we can expect an increase in the use of measuring the
simultaneous transmission of photonic services in a single fibre. However, it is not
only about the transmission of data signals or special applications anymore. In the
future, it will be necessary to take into account the deployment of sensor systems
for critical infrastructure protection. Infrastructure protection is currently being a
high demanded topic in the Czech Republic as well as in the world, and with the
falling prices of optical fibre sensors, this trend is likely to keep going.

Although the ITU grid defines the 100 GHz spacing between services as sufficient,
our measurements showed the exact opposite. The spacing between services without
a sensor system is quite sufficient, however, with the use of high-power sensor sys-
tems, service interaction may occur. Our results also show that the influence among
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the services is also given by the type of optical fibre being used. While G.652D and
G.655 fibres are considerably less susceptible to service interactions, if infrastructure
is made up of G.653 fibre, higher service spacing should definitely be considered.
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3.3 Sensitivity Comparison of an Interferometry and
Polarization Methods

This section presents comparative measurement of the polarization based sensing
system and the interferometry based sensing system to determine the sensitivity
and accuracy of both systems. Each system has its advantages and disadvantages,
however the accuracy and sensitivity of the measurements are basic parameters that
are important to know.

3.3.1 Experimental Setup

The experimental measurement scheme is shown in Fig. 3.15. The scheme consists
of two separate sensing systems in one setup. Using one complex setup for both
measurements ensured almost identical conditions for both systems.
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Fig. 3.15: Experimental setup for simultaneous measurement of two sensing systems.
FG: Function Generator, PBS: Polarization Beam Splitter, FBG: Fibre Bragg Grat-
ing, PD: Photodetector, TIA: Transimpedance Amplifier, LD: Laser Diode.

Ultra-stable and narrow linewidth laser source PureSpectrum™-NLL (less than
5 kHz, corresponding to approximately 19 km coherence length) with a wavelength
1550.92 nm is used for the Michelson interferometer setup. A CW signal is in fused
optical coupler C1 (2×2, 50:50 split ratio) divided into sensing arm and reference
arm. Both signals then travel through couplers C2 and C3. While coupler C2 is
used for launching a signal from the second laser diode into the fibre under test,
coupler C3 has only a balancing function of the second arm: phase and insertion
loss compensation. As mentioned above, an interferometer requires two arms with
similar lengths (more precisely, the difference in the length of the arms must be less
than the coherence length of the laser). For the measurement we used two separate
1 km long spools of optical fibre G.652D followed by 50 m long FTTH (Fibre to the
Home) cable G.657A (4 coloured fibres in jelly, aramid yarns, PE outer sheath). As
a mirrors FBGs with a reflectance about 90 % were used. The Bragg wavelength
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corresponds to the central wavelength of the narrow linewidth laser source, and
the bandwidth is less than 0.1 nm. Signals corresponding to the Bragg wavelength
are reflected back to coupler C1, and other signals pass through. The reflected
signals from both arms interfere in coupler C1 and final signal is then detected on
a photodetector (with an integrated transimpedance amplifier) connected to port 4
of coupler C1. The experimental setup of the Michelson interferometer is shown in
Fig. 3.16 and is highlighted in green.
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Fig. 3.16: Experimental setup of the Michelson interferometer is highlighted in
green.

The polarization-based sensing system scheme is simpler, and only one fibre is
needed (see Fig. 3.17). A laser diode with a linewidth of approximately 10 MHz gen-
erates the CW signal that is launched through the coupler C2 into the fibre under
test. The laser wavelength is 1555 nm, which is different from the Bragg wavelength
signal that is not reflected by FBG and passes to the polarization beam splitter
that splits a single input into its orthogonal linear polarizations through two fibre
outputs. As a receiver, we used a balanced detector. Two optical input signals are
subtracted from each other, resulting in common mode noise cancellation. Using
a balanced detector allows extraction of small changes in the signal path from the
interfering noise floor [5]. Although the most common technique for measurement
of acoustic vibrations is based on use of a polarimeter for polarization changes eval-
uation (as in [87]) we decided to use polarization beam splitter and BPD (Balanced
Photodetector). By using a BPD, we can directly evaluate frequency of acoustic
vibration instead of angular changes. Moreover, a BPD is a less expensive solution
than a polarimeter. More information may be found in Section 4.2.

As a source of vibration, we used a loudspeaker and a signal generator. While
both fibre spools were isolated from the source of acoustic vibration as much as
possible (they were placed in another part of the room, laid on the foam to insulate
the vibration from the floor), the cable was attached directly to the speaker with a
tape. In the case of the Michelson interferometer, both arms (sensing and reference)
were in the same cable, and the reference arm was therefore not isolated from sources
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Fig. 3.17: Experimental setup of polarization interferometer is highlighted in orange.

of vibration. Thanks to a slightly different position of both fibres in the cable, each
fibre was affected by acoustic waves differently. Signals from both systems propagate
within the fibre-created acoustic wave by a loudspeaker, causing refractive index
changes, and light travels by a different path. Electrical signals from both detectors
are acquired using a 100 kS/s sampling rate for subsequent processing.

3.3.2 Results and Discussion

In real networks, fibres are in cables that are in HDPE (High Density Polyethylene)
conduits and are ≈70 cm underground, and HDPE filters out higher frequencies.
That is why for our laboratory measurements, we chose frequencies of 1025 Hz,
530 Hz and 130 Hz. A harmonic signal was generated by an AWG (Arbitrary Wave-
form Generator) and a loudspeaker.

We also tried to evaluate systems sensitivity on mechanical vibrations near the
real fibre optic cable however the acoustic vibrations were not precisely defined, thus
the results are rather for a demonstration and function test.

Sine Wave, Frequency 1030 Hz

The highest test frequency of a harmonic signal was 1030 Hz with an intensity 10 𝑉𝑝𝑝

(peak-to-peak voltage). Fig. 3.18 shows time signal and corresponding spectra of the
interferometry system and the polarization system.

In a long-term test, the measured frequencies for both systems corresponded
exactly to the generated frequency from the generator, as can be seen in Fig. 3.18.
From the time domain signal of the interferometry system a modulated acoustic
signal can be directly observed and signal intensity is relatively high, peak value is ≈
–28 dB. The signal from the polarization system was weak, and in the time domain,
it was not possible to evaluate the modulated signal, unlike the interferometric
system. The signal peak value was approximately 46 dB lower, with a value of
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Fig. 3.18: Received signals from both sensing systems (interferometer – red signal,
polarization – blue signal) and their spectra (below) for 1030 Hz.

–74 dB. In the interferometry system, sensitivity was much higher; however, sub-
harmonic frequencies can be seen in the spectrum of the signal.

Fig 3.19 shows the details of the response from the polarization system. In the
time signal, the amplitude fluctuates, making it difficult to recognize the modulated
signal, but the spectrum shows a peak at a frequency of ≈ 1027 Hz with an intensity
of –76 dB. These values correspond to a short time window, so they are slightly
different from long-time values, which are more averaged.

Sine Wave, Frequency 530 Hz

Next, measurements were conducted for a harmonic signal with a frequency 530 Hz
and intensity of 10 𝑉𝑝𝑝. Fig. 3.20 shows the time signal and corresponding spectra
of the interferometry system and polarization system.

For long-term testing, measured frequency from both systems corresponded to
the generated frequency 530 Hz from the generator, as can be seen in Fig. 3.20. The
time domain signal of the interferometry system captures the modulated frequency,
while the signal from the polarization system is very weak. The peak values of the
interferometer were approximately –30 dB, and –72 dB for the polarization system.

In addition to the main frequency at 530 Hz, we can see in the spectrum of the
interferometry system its multiple sub-harmonic frequencies with relatively high in-
tensity.
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Fig. 3.19: Detail of received signal for polarization measurement and corresponding
spectra (below) for 1030 Hz.

Fig. 3.20: Received signals from both sensing systems (interferometer – red signal,
polarization – blue signal) and their spectra (below) for 530 Hz.

Sine Wave, Frequency 130 Hz

The last measurement under laboratory conditions was performed for a harmonic
signal with a frequency of 130 Hz and an amplitude of 10 𝑉𝑝𝑝. In Figure 3.21, we
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can see the time signal and corresponding spectra of the interferometry system and
polarization system.

Fig. 3.21: Received signals from both sensing systems (interferometer – red signal,
polarization – blue signal) and their spectra (below) for 130 Hz.

As in the previous cases, both systems measured the frequency correctly but
with different intensities. While in the case of the interferometer, the signal was
relatively strong, with a value of –25 dB, and in the time domain, it was possible to
observe the modulated acoustic signal, in the case of the polarization system, the
signal was weak, and the peak intensity at 130 Hz was approximately –76 dB. In
addition to the main frequency, we can see other sub-harmonic frequencies in the
case of interferometry system.

Below, in Fig. 3.22 are depicted calculated 3D spectrograms for all three frequen-
cies measured by the polarization systems. The results show that with increasing
frequency, the sensitivity of the system slightly decreases, and the SNR (Signal-to-
Noise Ratio) deteriorates.

Real Network Infrastructure Measurement

In this part, we briefly show the impact of mechanical vibrations on both systems.
Compared to laboratory measurements, for polarization analysis, we used a Thorlabs
polarimeter to show results on the Poincaré sphere. For this purpose, a 13 km length
optical route between BUT (Brno University of Technology) and MU (Masaryk
University) in the city of Brno was chosen (see Fig. 3.23).
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Fig. 3.22: Polarization system. Comparison of calculated 3D spectrogram for all
measured frequencies. Top-left: 1030 Hz, top-right 530 Hz, and bottom: 130 Hz.

Fig. 3.23: Experimental university network between BUT and MU.

Fig. 3.24 and Fig. 3.25 show the time domain signal and its corresponding spec-
trum, respectively, for the mechanical vibration caused by knocking on a wall near
a rack unit.
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Fig. 3.24: Knocking on a wall near a rack unit close to an optical fibre. Response in
time and corresponding spectra (below) measured with the interferometry system.

Fig. 3.25: 3D spectrogram. Knocking on a wall near a rack unit close to an optical
fibre; measured with the interferometry system.

Compared to laboratory measurements, the signal was noisier. The main reason
for noise was that the cable was located in the city of Brno, passing under roads
or tram tracks several times. Even though, for example, tram ride passage is a
relatively strong source of vibration, it was not possible to analyse these events even
after postprocessing. Nevertheless, all these sources caused a certain increased noise
level in the interferometric system.
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In Fig 3.26 is depicted SOP change caused by mechanical vibrations: knocking
near the fibre optic cable. The state of polarization change is plotted on the Poincaré
sphere (Fig. 3.26 left) and is also described by Stokes parameters (Figure 3.26 right)
that characterize the polarization change.

Fig. 3.26: SOP change caused by mechanical vibration near the cable. L: the
Poincaré sphere, R: Stokes parameters.

3.3.3 Conclusions

In this paper, we briefly introduced two different acoustic vibration detection tech-
niques for critical infrastructure protection, where both systems are capable of par-
allel operation with data transmission because power levels are relatively low. From
our results, it is obvious that the interferometry-based sensing system is much more
sensitive to surrounding events than is the polarization based sensing system. Many
other sub-harmonic frequencies could be caused by the use of the loudspeaker. The
signal intensity from the polarization-based sensing system was low, and without
post-processing, it was not possible to evaluate the events. Another very important
finding is possibility of using two optical fibres from one cable. Although it is gener-
ally stated that the reference arm must be isolated from the source of interference,
the measurement confirmed that two fibres that are exposed to the same event can
be used.
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4 Novel Systems Based on Interferometric
and Reflectometric Principles for Efficient
Distributed Sensing

This chapter presents author’s proposals and novel designs of distributed sensing
systems for use in critical infrastructure protection. Each proposal focuses on dif-
ferent technology and suggest completely new setup to make it more effective. The
main goal of these proposed systems and methods is suitability of putting them into
practice.

Proposals are presented in the following sections as follows:
• Section 4.1 presents several possible solutions of amplification of weak signals

in reflectometric systems.
• Section 4.2 presents an alternative solution to a polarimeter based on po-

larization beam splitter and balance photodetector which offers a cheap and
compact undemanding solution.

• Section 4.3 presents a proposal of novel design for dual Mach-Zehnder in-
terferometer based on a frequancy shift and using only one fibre pair and
measurement from one side.

4.1 Φ-OTDR Signal Amplification
Phase-sensitive optical time-domain reflectometry seems to be the most appropriate
solution for acoustic vibration along standard optical fibre detection. In general,
the sensing system measures phase changes of the received Rayleigh back-scattered
signal in the fibre. Since the back-scattered signal intensity is decreased about tens
of decibels in comparison to the forward propagating pulse power level, the received
signal power level is very low. That is why the main limiting parameter of the system
is the power level of the back-scattered signal, which limits maximum achievable
distance. For a long reach sensing it is necessary to create high-power optical pulses
with a short time-duration. Direct pulse amplification by EDFA is an issue because
of the pulses low repetition rate. We have designed and verified a simple method
using a holding beam for amplifying of pulses with low repetition rate by standard
telecommunication EDFA booster instead of deployment of an expensive optical
shutter. A second CW laser with a different wavelength for EDFA stabilization is
used in our setup. Because the pulse losses its energy during propagation in the fibre
and with longer distances the received signal power is lower. We have performed
measurement using distributed amplification by 1𝑠𝑡 order RA (Raman Amplifier).
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In telecommunications this amplifier is used to compensate for fibre losses. The last
setup uses remote amplification by remotely pumped EDF (Erbium Doped Fibre)
placed after a few tens of kilometers of sensing fibre. A pump laser is placed in
the transmitter part of the system from where EDF is pumped. In this Section an
overview of few techniques for 𝜑-ODTR signals amplification and their verification
by measurement is presented. For all Sections the pulse power fluctuations were
measured and will be discussed.

4.1.1 Pulse Signal Amplification with a Low Repetition Rate by
Standard Telecommunication EDFA

In this measurement we have used a standard telecommunication EDFA for the pulse
signal amplification. Since the sensor systems uses repetition rates in the order of
kHz (see Eq. (2.17)), standard telecommunication EDFAs may have a problem with
stabilization of amplified signal (the telecommunication signals repetition rates are
from the order of hundreds of MHz up to tens of GHz).

Measurement Setup

The setup for this measurement (see Fig. 4.1) was based on basic Φ-OTDR setup. As
optical source the OEwaves ultra-narrow spectral linewidth stable laser with central
wavelength 1 550 nm was used. Since the output power of the laser was 20 mW and
based on the knowledge of the received Rayleigh back-scatter optical power (see
Eq. (2.14)), using EDFA is necessary.

DFB 
Laser_1 AOM

G
AOM 
Driver

DFB 
Laser_2

Holding beam

40 km

1 550 nm27 dBm1 550 nm

1 555 nm

Fig. 4.1: Setup for optical pulse signal amplification using holding beam. Block G:
signal generator, AOM: acousto-optic modulator.

AOM maximum input power was 300 mW with insertion loss less than 3 dB.
After modulation the signal was amplified by EDFA booster (set to gain mode) with
maximum output optical power ≈27 dBm. Second laser for EDFA stabilization was
a common DFB laser CW laser with central wavelength of 1 555 nm. FUT (Fibre
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Under Test) was realized by 40 km length optical fibre coil. For detection the PIN
photodiode with a 200 MHz bandwidth was used.

Results and Discussion

The first measurement was without holding beam (second laser was switched off).
For pulse repetition rate 100 kHz and pulse duration 1 000 ns the difference between
minimum and maximum power of the optical pulse was 102 %. With the pulse
repetition rate of 100 kHz and pulse duration 500 ns the power fluctuations were
78 %. Limit value of pulse duration was 400 ns. Shorter pulse durations caused
power fluctuations that were so large that sometimes there were outages. Also lower
repetition rates caused large power fluctuations. For 1 000 ns the outages started at
67 kHz and for 500 ns at 75 kHz.

In the second measurement the holding beam laser was switched on. Power
fluctuations did not exceed 25 % for all repetition rates and all pulse durations.
Fig. 4.2 shows results for both measurements – without holding beam and with
holding beam. The part of these fluctuations (fluctuations till 10 %) are caused
by pulse generation in AOM as was reported in [106]. The rest of fluctuations are
caused by amplification of low repetition rate pulse signals with holding beam in
EDFA. To verify this, we have performed one more measurement, where the setup
was quite modified. Optical signal was as first amplified and after that coupled into
the AOM. Power fluctuations in this setup did not exceed 10 %.
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Fig. 4.2: Pulse stability with and without using stabilization LD.

Decreasing values of power fluctuations for shorter pulse durations in Fig. 4.2 can
be caused by transfer characteristics of an electrical amplifier at the receiver and
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also by electrical amplification characteristic which is part of a sampling acquisition
card.

Details in Fig. 4.2 show output pulses degradation. Difference between the height
of rising and falling edges was 11 % for pulse duration of 500 ns (Fig. 4.2a) and 15 %
for pulse duration of 1 000 ns (Fig. 4.2b) in the setup without holding beam. For
pulse duration 1 000 ns in the setup with holding beam the difference was only 6 %
(Fig. 4.2c).

4.1.2 Pulse Signal Amplification by Raman Amplifier

RA can be with advantage deployed for enlargement of achieved distance, neglecting
partially fibre attenuation. Unfortunately, the pump signal is also attenuated when
propagated in the fibre. It poses limits to achievable distance enlargement, especially
in standard telecommunication fibres G.652 where the Raman gain coefficient is
low and maximal pump power is limited by used optical connectors. Pump power
is decreasing in transmission fibre as pump propagates, until it falls under some
threshold level. Evolution of pump power is described as [43]:

𝑃𝑝(𝑧) = 𝑃0 · 𝑒𝑥𝑝(−𝛼𝑝·𝑧). (4.1)

Where 𝑃0 is the input pump power and 𝛼𝑝 is the fibre attenuation at the pump
wavelength. In practical situation when signal power satisfies small signal condition
𝑃𝑝 >> 𝑃𝑠, we can neglect pump depletion and describe signal evolution by [43]

𝑃𝑠(𝐿) = 𝑃𝑠(0) · 𝑒𝑥𝑝(𝑔𝑟·𝑃0·𝐿𝑒𝑓𝑓 −𝛼𝑠·𝐿), (4.2)

where 𝑔𝑟 is the Raman gain coefficient, 𝛼𝑠 is the fibre attenuation at signal
wavelength and 𝐿𝑒𝑓𝑓 is given by [46]

𝐿𝑒𝑓𝑓 = 𝛼−1
𝑝 · [1 − 𝑒𝑥𝑝(−𝛼𝑝·𝐿)]. (4.3)

By differentiation of Eq. (4.2), we can determine the optimal fibre length 𝐿𝑜𝑝𝑡.
Signal level increase till this length and after that signal starts to decrease because
of attenuation [46].

𝐿𝑜𝑝𝑡 = −𝛼−1
𝑝 · 𝑙𝑛(𝛼𝑠 · 𝑔−1

𝑟 · 𝑃 −1
0 ). (4.4)

Using Eq. 4.4 and typical values of 𝛼𝑝, 𝛼𝑠 and 𝑔𝑟 for SSMF (Standard Single-
Mode Fibre) and NZDSF (Non-Zero Dispersion-Shifted Fibre) we can determine
suitable lengths as shown in Fig. 4.3.
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Fig. 4.3: Optimal length of optical fibre link for different pump powers.

Setup of the measured system

The setup for this measurement was similar to setup used in measurements in
Section 4.1.1. Acousto-optic modulator with maximum input power 300 mW was
changed to AOM with maximum input optical power 1 W. Due to this change it
was possible to amplified the CW optical signal in EDFA booster (set to gain mode)
with maximum output optical power 27 dBm and after that modulate the optical
signal. The total length of the FUT was again 40 km. Raman amplifier was in case of
co-propagating amplification placed in front of the FUT and for counter-propagation
amplification was placed at the far end of the FUT.

DFB 
Laser_1 AOM

AOM 
Driver

40 km

27 dBm1 550 nm

1 450 nm

WDM
1 550 nm

G

RA

Fig. 4.4: Setup for optical pulse signal amplification by distributed Raman amplifi-
cation. RA: Raman Amplifier, WDM: Wavelength Division Multiplex coupler.

Results and Discussion

The first measurement was performed with counter-propagating Raman amplifi-
cation. In this setup the RA was placed at the end of the optical link. WDM
(Wavelength Division Multiplex) coupler enables split Rayleigh back-scatter signal
that continue to port 2 of the circulator and Raman pump signal that is led out of
the fibre.
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Without any output optical power of the RA the end of the FUT was difficult to
identify from the Rayleigh back-scatter response (top-left detail in Fig. 4.5). Pulse
power fluctuations measured at the end of the FUT were greatest and probably
mostly caused by electrical amplification in the receiver part. For output optical
power 300 mW of the RA the back-scatter response from the FUT was well balanced
(bottom-left detail in Fig. 4.5). Since power fluctuations were also low (compared to
e.g. signal without any amplification by RA) it can be said that this setup is optimal
for FUT with a length of a 40 km. When the output optical power of the RA was
increased the total back-scatter response from the FUT was unbalanced. Response
from the end of the fibre was much higher than from the beginning (bottom-right
detail in Fig. 4.5). With higher optical power of the RA stability of optical pulses
decreased.
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Fig. 4.5: Pulse power stability for different output powers of the co-propagating and
counter-propagating Raman amplification.

For the second measurement the RA was placed instead WDM coupler and pump
signal was co-propagated with the pulse signal. With increasing pump signal of the
RA the Rayleigh back-scatter response from the FUT degraded. However, e.g. for
RA output power 300 mW the response seems to be optimal and balanced, but
in detail view the response is very noisy and also phase sensitivity is low. This
degradation is caused by non-linear phenomena due to high powers of both – optical
pulse signal as well as the Raman pump signal. Fig. 4.6 shows the response form
the FUT for system with RA output power 300 mW. Detail in the top-right corner
in the Fig. 4.6 then shows noise of the back-scatter signal.
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Fig. 4.7: Pulse power fluctuations and its degradation due to non-linear phenomena.

As you can see in Fig. 4.5 measurement of pulse power fluctuations were car-
ried out for the RA maximum output power 400 mW. The reason is large power
fluctuations of higher RA output optical powers as is shown in Fig. 4.7.

4.1.3 Remote Amplification of a Pulse Signal

Erbium doped fibre amplifiers are the most use optical amplifiers in optical networks.
Using configuration with pump laser placed in the transmitter part of the sensoric
system and erbium doped optical fibre placed after tens of kilometers it is possible
to remotely amplify optical signals and compensate the optical fibre attenuation.

When maximum gain of EDFA is lower than 20 dB a spontaneous emission can
be neglected. Then by the determination stationary conditions we get [50],
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𝑁2 =
𝐼𝑝/𝐼𝑎

𝑠𝑝 + 𝐼𝑠/𝐼𝑎
𝑠𝑠

𝐼𝑝/𝐼𝑎
𝑠𝑝 + 𝐼𝑝/𝐼𝑒

𝑠𝑝 + 𝐼𝑠/𝐼𝑎
𝑠𝑠 + 𝐼𝑠/𝐼𝑒

𝑠𝑠 + 1𝑁1. (4.5)

Where 𝐼𝑎
𝑠𝑝 = ℎ𝜈𝑝/𝜏𝜎𝑎

𝑝 , 𝐼𝑒
𝑠𝑝 = ℎ𝜈𝑠/𝜏𝜎𝑒

𝑝, 𝐼𝑎
𝑠𝑠 = ℎ𝜈𝑠/𝜏𝜎𝑎

𝑠 , and 𝐼𝑒
𝑠𝑠 = ℎ𝜈𝑠/𝜏𝜎𝑒

𝑠. The
frequency of the signal and of the pump are 𝜈𝑠 and 𝜈𝑝, ℎ is the Planck’s constant, 𝜏

is the spontaneous emission decay lifetime, 𝜎𝑎
𝑠 and 𝜎𝑒

𝑠 are the stimulated absorption
and emission cross sections of the signal beam, 𝜎𝑎

𝑝 and 𝜎𝑒
𝑝 represents the stimulated

absorption and emission cross sections of the pump beam. Intensity of the optical
signal is 𝐼𝑠 and of the pump beam 𝐼𝑝, the total dopant density distribution is 𝑁𝑡 (𝑟) =
𝑁1 (𝑟) + 𝑁2 (𝑟), where 𝑁𝑡, 𝑁1 and 𝑁2 are all assumed to be radially symmetric [50].

We can define 𝐼𝑠 (𝑧, 𝑟) = 𝑃𝑠 (𝑧) 𝑓𝑠 (𝑟) and 𝐼𝑝 (𝑧, 𝑟) = 𝑃𝑝 (𝑧) 𝑓𝑝 (𝑟), where 𝑃𝑠 (𝑧)
and 𝑃𝑝 (𝑧) are optical powers of the signal and pump beams, and 𝑓𝑠 (𝑟) and 𝑓𝑝 (𝑟)
are the normalized signal and pump transverse intensity profiles.

If 𝑅 =
∫︀∞

0 𝑁𝑡 (𝑟) 𝑓 (𝑟) 𝑟𝑑𝑟/
∫︀∞

0 𝑁𝑡 (𝑟) 𝑟𝑑𝑟 the pumping efficiency |𝑑𝑃𝑠/𝑑𝑃𝑝| in-
creases with 𝑅 for all 𝑃𝑠 and 𝑃𝑝. For different lengths of erbium dopped fibre it is
possible to get equations for both co-propagating and counter-propagating pumping
[50],

[︃(︁
𝑃 𝑜𝑢𝑡

𝑠 − 𝑃 𝑖𝑛
𝑠

)︁(︃ 1
𝐼𝑒

𝑠𝑠

−
𝜎𝑒

𝑝

𝜎𝑎
𝑝𝐼𝑎

𝑠𝑠

)︃
+ 𝑙𝑛

(︃
𝑃 𝑜𝑢𝑡

𝑠

𝑃 𝑖𝑛
𝑠

)︃
1
𝑅

]︃
𝜎𝑎

𝑝

𝜎𝑎
𝑠

= (4.6)

=
[︃(︁

𝑃 𝑖𝑛
𝑝 − 𝑃 𝑜𝑢𝑡

𝑝

)︁(︃ 𝜎𝑒
𝑠

𝜎𝑎
𝑠 𝐼𝑎

𝑠𝑝

− 1
𝐼𝑒

𝑠𝑝

)︃
− 𝑙𝑛

(︃
𝑃 𝑖𝑛

𝑝

𝑃 𝑜𝑢𝑡
𝑝

)︃
1
𝑅

]︃
. (4.7)

From Eq. (4.7), 𝑅 may be obtained by measurements of 𝑃 𝑜𝑢𝑡
𝑠 and 𝑃 𝑜𝑢𝑡

𝑝 for given
𝑃 𝑖𝑛

𝑠 and 𝑃 𝑖𝑛
𝑝 . For maximum gain defined as 𝐺 = 𝑃 𝑜𝑢𝑡

𝑠 /𝑃 𝑖𝑛
𝑠 maximum output power

of the pump laser is [50],

𝑃 𝑜𝑢𝑡
𝑝,𝑜𝑝 = 1

𝑅
(︁
𝜎𝑒

𝑠/𝜎𝑎
𝑠 𝐼𝑎

𝑠𝑝 − 1/𝐼𝑒
𝑠𝑝

)︁ , (4.8)

and

𝜈𝑝

𝜈𝑠

𝑃 𝑖𝑛
𝑠

𝑃 𝑜𝑢𝑡
𝑝,𝑜𝑝

(𝐺 − 1) +
𝜎𝑎

𝑝

𝜎𝑎
𝑠

𝑙𝑛 (𝐺) =
𝑃 𝑖𝑛

𝑝

𝑃 𝑜𝑢𝑡
𝑝,𝑜𝑝

− 1 − 𝑙𝑛

(︃
𝑃 𝑖𝑛

𝑝

𝑃 𝑜𝑢𝑡
𝑝,𝑜𝑝

)︃
. (4.9)

Propagation equation for the optical signal is [50],

𝑑𝑃𝑠

𝑑𝑧
= −𝑃𝑠

[︃
𝛼𝑠 +

(︃
1

ℎ𝜈𝑠

𝑑𝑃𝑠

𝑑𝑧
± 1

ℎ𝜈𝑝

𝑑𝑃𝑝

𝑑𝑧

)︃
ℎ𝜈𝑠/𝑃 𝐼𝑆

𝑠

]︃
. (4.10)

Where 𝛼𝑠 is the absorption constant of the signal beam and is described as
𝛼𝑠 = 2𝜋𝜎𝑎

𝑠

∫︀∞
0 𝑁𝑡 (𝑟) 𝑓 (𝑟) 𝑟𝑑𝑟. Parameter 𝑃 𝐼𝑆

𝑠 = 𝐴ℎ𝜈𝑠/𝜏Γ (𝜎𝑎
𝑠 + 𝜎𝑒

𝑠) is the intrinsic
saturation power of the signal beam. By solving of the differential Eq. (4.10) output
optical power of the signal at 𝑧 = 𝐿 may be obtained,
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𝑃 𝑜𝑢𝑡
𝑠 = 𝑃 𝑖𝑛

𝑠 · exp (−𝛼𝑠𝐿) exp
[︃(︃

𝑃 𝑖𝑛
𝑝 − 𝑃 𝑜𝑢𝑡

𝑝

ℎ𝜈𝑝

+ 𝑃 𝑖𝑛
𝑠 − 𝑃 𝑜𝑢𝑡

𝑠

ℎ𝜈𝑠

)︃
ℎ𝜈𝑠

𝑃 𝐼𝑆
𝑠

]︃
. (4.11)

Without the pump beam 𝑃 𝑜𝑢𝑡
𝑠

∼= 𝑃 𝑖𝑛
𝑠 exp (−𝛼𝑠𝐿) for small input optical power

of the signal and then 𝛼𝑠 = log (𝑃 𝑖𝑛
𝑠 /𝑃 𝑜𝑢𝑡

𝑠 /) 𝐿. When 𝑃 𝑖𝑛
𝑠 approaches to 𝑃 𝐼𝑆

𝑠 ,
𝑃 𝑜𝑢𝑡

𝑠
∼= 𝑃 𝐼𝑆

𝑠 exp (1 − 𝛼𝑠𝐿). This means that both the absorption constant and in-
trinsic saturation power of the signal may be obtained from absorption saturation
measurement. Optimal fibre length 𝐿𝑜𝑝 for maximum gain can be obtained from
Eq. 4.11 [75]:

𝐿𝑜𝑝 = − 1
𝛼𝑠

·
{︃

ln (𝐺) + ℎ𝜈𝑠

𝑃 𝐼𝑆
𝑠

[︃
𝑃 𝑜𝑢𝑡

𝑝,𝑜𝑝 − 𝑃 𝑖𝑛
𝑝

ℎ𝜈𝑝

+ 𝑃 𝑖𝑛
𝑠

ℎ𝜈𝑠

(𝐺 − 1)
]︃}︃

. (4.12)

Setup of the Measured System

The setup for remote amplification is based on the setup used in measurements in
Section 4.1.2. Transmitter part of the system is the same and also all parameters
stayed unchanged. Only optical link part has changed. The total length of the
FUT with a length of 40 km was increased by 20km long optical fibre coil. In
this measurement two EDFS were tested – a 10 m of a metro EDF, MP980, with
absorption of about 6 dB/m and a 4 m of EDF, I-25(980/125), with absorption of
about 30 dB/m. The pump laser was coupled to the FUT using WDM coupler and
pump signal was co-propagated with the pulse signal. Setup of the measurement
system is shown in Fig. 4.8.

DFB 
Laser_1 AOM

AOM 
Driver

20 km

27 dBm1 550 nm WDM
1 550 nm

G

PUMP
Laser_2

40 km

er

Fig. 4.8: Setup of the measurement system for remote amplification.

Results and Discussion

When the pump laser was switched off absorption of the EDF totally absorbed
optical signal. This situation was almost the same for the pump laser output power
until 105 mW. On the first detail from the left in Fig. 4.9 is shown the back-scatter
signal for laser pump output power of 105 mW. Back-scatter signal from the FUT
was detected only for the first 20 km.
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Fig. 4.9: Verification of the remote amplification and its influence on the optical
power stability of the optical pulse.

With increasing optical power of the pump laser a stimulated emission exceeded
absorption in the EDF and amplification occurred. For a 10m long metro EDF
ideal amplification occurred when output power of the pump laser was 125 mW.
Ideal amplification for the second EDF, a 4 of L-band EDF, was with pump laser
output power of 135 mW. Back-scatter signals for both EDFs can be seen in details
in Fig. 4.9. When increasing laser pump output power response from the second
fibre coil with a length of 40 km is much higher then from the first fibre coil. This
amplification of the second part of the FUT continues until optical power of the laser
pump exceed some threshold value and system begins to behave like a laser. In this
case the response from the FUT is unstable and fails to reflect the response of the
FUT. For the all measured optical output powers of the pump laser the system was
relatively stable and well sensitive to phase changes caused by acoustic vibrations.

4.1.4 Conclusion

In this Section we have presented 3 advanced methods for optical signal ampli-
fication. First method is focused on a high-power optical pulse amplification by
standard telecommunication EDFA. Pulse power fluctuation were below 30 % for
all the measurements. Other two methods describes the Raman amplification and
remote pumping amplification. For both of them was successfully confirmed their
suitability for distributed amplification. In addition, both of them enable keeping
optical link passive, because they do not need any active equipment in the link.
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4.2 Novel Method of Measurement of Polarization
Transient Effects Caused by Mechanical Stress
on Optical fibre

Sensing in biology, chemistry, engineering and many other scientific and technology
areas is more frequently based on optical fibre sensors. The sensing element in
optical fibre sensor technology is the optical fibre itself. The physical structure of the
optical fibre can be influenced by external perturbations (e.g. temperature, strain,
pressure, acoustic wave). As a result, the optical wave, propagating through the
fibre, is directly affected by these deteriorating events. By measuring the parameters
of the propagating optical wave one can estimate the value of these distractions.
The fibre optics sensors are desired mostly for their electromagnetic interference
immunity, electrically passive operation, sensitivity and capabilities of multiplexing
[47]. Polarization sensors are based on the photoelastic effect where the refractive
index of the material is changed according to external perturbations.

Currently, the fibre optics technology used for sensing is almost the same as the
technology used in fibre optic communications which gives us great opportunity to
carry out simultaneous measurement of different parameters on the communication
fibre link. This approach allows monitoring the fibre link in order to provide security
and reliability of the critical infrastructures [87]. Together with proactive damage
detection algorithm proposed in [9] it is possible to fulfill the highest reliability
standards. Long term monitoring of SOP on the real communication link gives
information about elastic and inelastic transients [67, 22, 11, 105].

4.2.1 Methodology

In order to verify the possibility of sensing the optical fibre route, we build up the
experimental laboratory workplace (Fig. 4.10). As a transmitter, low-noise DFB
laser LD101 with a wavelength 1550 nm and 5 MHz spectral width was used. The
fibre link was emulated by 1 km long G.652D fibre spool. To simulate the external
perturbations we used fibre wound piezoelectric stretcher Optiphase PZ3-SMF2-O
with 15.2 m of SMF28e+ fibre. The stretcher has ability to stretch the fibre with
parameter 1.3 µm/V. For driving the stretcher arbitrary waveform generator was
used.

The polarization monitoring of the fibre route was carried out with the polar-
ization beam splitter and balanced detector Koheron PD100B-AC. The balanced
detector performs the difference between the two voltage signals (V1,V2) from po-
larization beam splitter which corresponds to the optical power. Thus, it is able
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Fig. 4.10: The scheme of the workplace

to detect the polarization rotation of optical wave induced by external perturba-
tions. The difference signal was sampled with frequency a 120 kHz by Redpitaya
development platform and samples were sent to PC (Personal Computer) for post-
processing. The polarization rotation rate from the sampled difference signal is
determined as follows [87]:

Δ𝜎𝐵𝑎𝑙 = 2sin−1
(︂1

2Δ
[︂⃒⃒⃒⃒

𝑉1 − 𝑉2

𝑉1 + 𝑉2

⃒⃒⃒⃒]︂)︂ 1
Δ𝑡

. (4.13)

To compare the results from the balanced detector, half of the optical signal was
connected to commercially available polarimeter Thorlabs PAX1000. The maximal
sampling frequency of the polarimeter was 400 Hz, however logging of the parame-
ters was able only with frequency 50 Hz. During the measurement, the normalized
Stokes parameters from polarimeter were simultaneously recorded. The polarization
rotation was determined from central angle difference Δ𝜎 between two points (spec-
ified by Stokes parameters) on Poincaré sphere. Polarization rotation rate equation
is:

Δ𝜎𝑃 𝑜𝑙 = 2sin−1

⎛⎝
√︁

(Δ𝑆1)2 + (Δ𝑆2)2 + (Δ𝑆3)2

2

⎞⎠ 1
Δ𝑡

, (4.14)

where 𝑆1, 𝑆2, 𝑆3 are the normalized Stokes parameters.

4.2.2 Results and Discussion

For the sake of verification, we carried out two measurement campaigns. Within
the first measurement, the fibre stretcher was modulated by 10 V pulse with a du-
ration of 10 ms and 0,5 Hz repetition rate. The polarization rotation was measured
simultaneously with a balanced detector and polarimeter.

75



2 

the parameters was able only with frequency 50 Hz. During 

the measurement, the normalized Stokes parameters from 

polarimeter were simultaneously recorded. The polarization 

rotation was determined from central angle difference Δ𝜎 

between two points (specified by Stokes parameters) on 

Poincaré sphere. Polarization rotation rate equation is 

∆𝜎𝑃𝑜𝑙 = 2 sin−1 (
√(∆𝑆1)

2+(∆𝑆2)
2+(∆𝑆3)

2

2
)

1

∆𝑡
(2) 

where S1,S2,S3 are normalized Stokes parameters.
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Fig. 3 The response of the polarization fiber sensor on 

mechanical stress induced by knocking on the fiber 

(a) Output signal from the balanced detector, (b) Polarization

rotation rate detected with polarimeter, (c) Spectrogram of 

the signal from the balanced detector. 

One has to keep in mind that response and sensitivity of the

polarimeter based on balanced detector depend mainly on the

polarization state before the polarization beam splitter. The

system is maximally sensitive when the polarization will be 

linear with angle 𝜋/4. On the other hand, when the light wave 

will be horizontally or vertically polarized the response of the 

system will be minimal. The sensitivity is usually improved 

by placing the properly rotated λ/2 waveplate before 

Fig. 4.11: Left: The response of the polarization fibre sensor on 1 ms pulses (a) Out-
put signal from the balanced detector, (b) Polarization rotation rate detected with
polarimeter, (c) Spectrogram of the signal from the balanced detector. Right: The
response of the polarization fibre sensor on mechanical stress induced by knocking
on the fibre (d) Output signal from the balanced detector, (e) Polarization rotation
rate detected with polarimeter, (f) Spectrogram of the signal from the balanced
detector.
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Because of the higher sampling rate, it is clear that polarization rotation rate
measurement is more sensitive with the balanced detector (Fig. 4.11a). Zoomed plot
shows detail of the pulse. In Fig. 4.11b the measurement based on Stokes parameters
from polarimeter is shown. In order to detect the polarization change within the
optical fibre route the spectrogram of the difference signal can be used (Fig. 4.11c).

The second measurement was carried out while knocking on the fibre spool for
simulation of the real perturbation. The response measured by a balanced detector is
depicted in Fig. 4.11d. The change of polarization was also measured by polarimeter,
see Fig. 4.11e). In comparison with the previous measurement, the amplitude of the
polarization rotation rate is smaller which is given by the slower deteriorating event.
The knocking is also visible in spectrogram in the Fig. 4.11f.

The response and sensitivity of the polarimeter based on balanced detector de-
pend mainly on the polarization state before the polarization beam splitter. The
system is maximally sensitive when the polarization will be linear with angle 𝜋/4.
On the other hand, when the light wave will be horizontally or vertically polarized
the response of the system will be minimal. The sensitivity is usually improved by
placing the properly rotated 𝜆/2 waveplate before polarizing beam splitter. In our
case, the polarization in long single-mode fibre is changing randomly, so more so-
phisticated polarization analyzer should be placed in front of the splitter. However,
the main idea of this measurement was to keep the measurement system as simple
as we can. The polarization state of the optical wave is not fully characterized in
comparison with polarimeter measurement. Despite the fact that it is not possi-
ble to say nothing about the ellipticity of the polarization, the method is sensitive
enough to detect the polarization transient effects on the fibre route. Thanks to high
sampling frequency it is possible to detect fast elastic transients in polarization.

4.2.3 Conclusion

The Section was focused on verification of the method for state of polarization anal-
ysis. The method was based on polarization beam splitter and a balanced detector.
In order to provide quick analysis, the signal from the detector was processed by
FPGA (Field Programmable Gate Array) platform. The gathered experimental data
was compared with data from polarimeter. The proposed method shows satisfactory
results for monitoring of the unexpected events near the fibre route.

77



4.3 Distributed Fibre Optic Sensing System Based
on Dual Mach-Zehnder Interferometer Using Fre-
quency Shift

The technical solution relates to a distributed fibre optic sensing system based on
the dual Mach-Zehnder interferometer principle allowing localization of events using
a single pair of optical fibres. The system is used as a distributed acoustic sensor to
protect perimeters and also some fibre optic critical infrastructures.

This technical solution is industrially well applicable especially for monitoring
acoustic/mechanical vibrations in the vicinity of telecommunication optical cables,
on fibres with active data traffic. Due to the use of continuous low-power radiation,
there is no interaction with the data traffic in the surrounding channels. Using a re-
mote unit, an opposing propagating signal is frequency-shifted from the laser carrier
signal, thereby creating a second interferometer in the same pair of optical fibres,
thereby enabling event localization. Compared to the known solutions, the device
uses only one pair of fibres. Except a laser of sufficiently long coherence length, it
contains no expensive and complex components and is usable at all working wave-
lengths of the fibres used. The technical solution also includes remote monitoring
including monitoring of processed optical signals. Since this novel configuration
of dual Mach-Zehnder interferometer is currently in process of patent application
(application is under evaluation) only basic scheme and principles are described.

4.3.1 Scheme and Principle of the Invention

The principle of the solution is further explained and described in Fig 4.12, which
shows a block diagram of the device. In the enclosed drawing, the optical lines are
indicated by solid lines and the electrical lines by dashed lines.

LD

Mirror

AOM

Fig. 4.12: Scheme of the dual Mach-Zehnder interferometer using frequency shift.
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As was already mentioned, the main disadvantage of interferometric systems in
basic configuration is the inability to locate the event and the need to combine mul-
tiple techniques or the need to use three optical fibres if the event localization is
required. These deficiencies are solved by distributed optical fibre sensing system
based on dual Mach-Zehnder interferometer principle using frequency shift of un-
modulated counterclockwise signal. The system consists of a main and remote units.
The main device comprises first and second optical couplers (2x2, 50:50), the remote
unit comprising also two couplers (third and fourth optical couplers, also 2x2, 50:50).
The outputs of the first coupler are coupled to the input ports of the second and third
couplers using a reference and a sensing fibres. One input port of the first coupler is
connected to the input of one photodetector and the last port of the first coupler is
used to connect a highly coherent narrow-linewidth laser source. The second input
port of the second coupler is coupled to the second photodetector and one output
port (the last port of the second coupler is unconnected) is coupled to the input of
the fourth coupler. A reflector (prefer is Faraday rotator mirror which neglects the
effect of polarization) is connected to one output of the fourth coupler and reflects
the clockwise output of the interferometer back to the main unit. The second output
is connected to the output of an acousto-optical modulator, which is driven by an
OXCO (Oven Controlled Crystal Oscillator) of the appropriate frequency and shifts
the laser frequency by the oscillator frequency. The acousto-optical modulator in-
put is connected to the output port of the third coupler. The benefits of the new
solution/invention is that the signal for the counterclockwise interferometer is not
transmitted to the far end by a dedicated fibre, but by means of a third coupler a
portion of the signal is separated from the clockwise interferometer. This signal is
then shifted by a defined frequency using an acousto-optical modulator and via the
fourth coupler this new signal is coupled to the reference and sensing fibres. This
creates a counterclockwise interferometer. If an event occurs near the fibre optic
cable, both clockwise and counterclockwise interferometers detect it. Due to the
different direction of propagation of both interferometers, the location of the event
can be calculated using the Eq. 2.10. The advantage of the proposed solution is also
the placement of outputs from both interferometers in the main unit, thus ensur-
ing correct synchronization of both interferometers outputs. Based on experimental
measurements, one pair of optical fibres from the same optical cable can be used.
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5 Conclusion
This habilitation thesis provided the overview about distributed fibre optic sensing
techniques suitable for use in fibre optic networks with active data transmission.
The thesis focused on conventional and advanced techniques enabling detection of
events near the fibre and thus creating a smart infrastructure for critical infrastruc-
tures protection. Further, the thesis investigated the deployment of selected schemes
on fibres with active data and non-data transmissions. Finally, the thesis presented
advanced techniques for a signal amplification in reflectometry systems and also two
author’s proposals that are designed for use in current optical networks. Both sys-
tems and schemes are designed in order to be suitable for deployment on fibres with
active data and non-data transmissions using DWDM technology. The expected
contribution is threefold. Pedagogical, i.e., to produce a unified overview about
conventional and advanced distributed fibre optic sensing schemes that can be use
for critical infrastructures protection and also the description of main parameters
related to the solved topic; practical, i.e., to present assessment of the suitability
of selected technologies for application to active fibres in terms of possible mutual
interference and also in terms of the sensitivity of the sensing systems itself; and
scientific, i.e., to produce novel designs with advanced features that which are more
efficient, more economical and better applicable to practice. The pedagogical con-
tribution is addressed in Chapter 2 that presents the theoretical background with
the description of laser diode wavelength, relation between peak and average power,
laser linewidth which is very important for almost all distributed sensing systems,
coherence length which is just as important a parameter as linewidth, and polarizar-
ion of the light. Moreover, the Chapter also introduces description of the main
distributed sensing techniques based on optical interferometry, i.e., Mach-Zehnder
interferometer, Michelson interferometer, and polarization interferometer, and also
description of techniques based on recletometry principle, i.e., Rayleight based Φ-
OTDR and Brillouin based B-OTDR. The practical contribution is addressed in
Chapter 3 that evaluates possible interaction of a high-power sensing signals with
accurate time/stable frequency transfer, and high-speed data transfer. The chapter
discusses the influence of pulse width, repetition rate and output power level of the
sensing signal on other services at 100 GHz spacing, which corresponds to DWDM
channel grid. These results are used to optimize the settings of partial parameters
of the sensory system and at the same time to optimize the transmission paths in
order to avoid mutual interference of individual signals in the fibre. The chapter also
discusses the sensitivity of two interferometric sensor systems. The sensitivity of the
system is very important, as it can significantly affect the quality of the detection
– high sensitivity may cause high interference (if used infrastructure is e.g. under
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the road), and low sensitivity can cause that some events will not be detected at all.
The scientific contribution is addressed in the Chapter 4 that contains two novel pro-
posals of sending systems and also advanced techniques for a signal amplification in
reflectometry systems where backscatter signals are low and hence high-power signal
must be used. The proposed novel systems and advanced amplification techniques
are presented in three sections. Section 4.1 presents advanced techniques of signal
amplification. The results of the Section should allow to minimize optical power
thanks to the possibility to use for example Raman amplification, holding beam or
remote pumping (due to the fact that the remote pumping uses Erbium doped fibre
in the route, in this case it is not possible to use existing infrastructure without mod-
ification). Section 4.2 presents a novel detection technique for SOP analysis based
on polarization beam splitter and balance photodetector which offers a cheap and
easy to use solution. This solution is suitable for implementation into current data
networks because there are no special requirements for laser source and it is possible
to analyze modulated data signal. Section 4.3 presents the solution for distributed
sensing based on dual Mach-Zehnder interferometer. The presented system allows
to realize a dual interferometer with only pair of fibres. This unique involvement is
the subject of patent proceeding and therefore only basic information is presented.
The mentioned results and proposals have been published in journals with impact
factors and international conferences dedicated to telecommunications/ or sensing.
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