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GENERAL DESCRIPTION OF THE THESIS

Topicality of the Theme

The number of sites and territories in Latvia and across the world that need different kinds of
real-time health monitoring (roads, barrages, bridges, pipelines, dams, railways, buildings and
other structures) is constantly growing. Over the last decade, monitoring of various processes and
sites, as well as sensor-based safety control of the public infrastructure, has been playing an
increasingly important role [1]-[3]. Since monitoring often should be conducted at long distances
across many locations simultaneously, in corrosive environments under electromagnetic
interference or in environments without power supply, FBG can be applied in such types of
monitoring [4]-[10].

Nowadays, the infrastructure of optical networks has not been exploited and utilized in its full
capacity. The author sees high potential in the extension of the infrastructure applications using
optical fiber sensors. Taking into consideration that the infrastructure of optical networks is located
at/near roads, bridges, tunnels, railways, dams, etc., it can be used as a transmission medium for
monitoring these objects of infrastructure. “Dark™ optical fiber lines can be applied in such
monitoring solutions, or working lines can be used, utilizing their free frequency ranges. To
promote further development of such solutions, it is important to develop high value optical FBG
sensor networks for long distance monitoring (40+ km) solutions, to provide interoperability of
communication and sensor solutions and to ensure integration of high-quality sensors in various
infrastructure objects (e.g., road pavement) for monitoring purposes.

In order to better understand the topicality of the present theme, the analysis of research articles
available in SCOPUS database was conducted. The articles were searched using such parameters
as the title, key words, and abstracts containing the key words “optical fiber sensors” and “fiber
Bragg grating sensors”. In the last decade, on average, 3130 research articles with keywords
“optical fiber sensors” were published, whereas there were 1052 articles containing key words
“fiber Bragg grating sensors”. The detailed dynamics by year is shown in the figure below. The
high number of available research articles, the growing dynamics of the characteristic curve, and
high citation rate of the author’s research articles [9], [11] demonstrate that the research topic has
been and will remain topical and will ultimately promote development of technology.
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Aim, Tasks and Theses to be Substantiated

The aim of the Thesis is to integrate a fiber optical Bragg grating sensor network in optical
fiber communication systems and to evaluate application of FBG sensors in real-time road
monitoring solutions.

The following tasks were defined to achieve the aim of the Thesis:

1. To analyze the types, main parameters, and principles of operation of optical sensors and to
evaluate opportunities of their integration in the existing optical network infrastructure and
their application.

2. To determine the most relevant parameters for optical FBG sensor networks and long-
distance monitoring solutions using a mathematical modelling software.

3. To integrate FBG sensor networks in optical data transmission systems experimentally as
well as inside the mathematical modelling environment and to evaluate their compatibility.

4. To install optical FBG strain and temperature sensors (in the upper, binder, and cement-
treated reclaimed layers of the road pavement) inside the layers of a used road pavement.

5. To experimentally assess real-time measurements of the traffic induced strain loads on the
different layers of road pavement.

Thesis statements to be defended:

1. In order to develop an FBG sensor network solution for at least 40 km long distance remote
monitoring operations, signal reflectivity of at least 90 % must be ensured at SLS >20 dB
and FWHM < 0.2 nm

2. [Itis possible to develop a hybrid optical system based on a single broadband light source that
consists of 10 Gbit/s 32-channel SS-WDM PON and five optical FBG sensors network while
ensuring the necessary quality of the received signal over a 20 km long transmission line.



FBG optical temperature and strain sensors can be integrated in the cement-treated reclaimed
asphalt pavement mixture layer for structural health monitoring applications and real-time
measurements of the traffic induced strain data.

Scientific Novelty and Main Results

A mathematical model of a 40 FBG sensor network that ensures monitoring over the distance
of at least 40 km has been developed.

A single broadband light source-based 32-channel 10 Gbit/s dense spectrum-sliced optical
fiber data transmission system with an integrated 5 FBG sensor network solution has been
developed.

A technological solution for integration of optical FBG sensors in the road surface, binder
and cement-treated reclaimed asphalt pavement mixture layers has been developed to
measure temperature and traffic load induced strains in real-time.

The technique of FBG strain sensor calibration has been developed to carry out assessment
of traffic load induced strain data.

The results achieved in the course of Thesis development have been applied in the

following projects:

L.

ERDF project “RTU Innovation Grants for Students”, participant of RTU and LMT
Industrial Doctor Programme, 1.1.1.3/18/A/001, 1 July 2019 — 31 July 2022.

RTU research project “Fiber optical FBG sensors for structural health monitoring of road
pavement”, B4223, 2 January 2020 — 31 December 2020 (scientific project manager).

ERDF PIP “Passive fiber optical sensors for energy efficient health monitoring of transport
infrastructure” 1.1.1.1/16/A/072, 1 March 2017 — 1 March 2020.

RTU research project “Development of a combined energy efficient fiber optical data
transmission and sensing system”, B4000, 7 January 2019 — 6 January 2020.

RTU research project “Development of a multi-functional fiber optical sensing system”,
B3472, 15 January 2018 — 31 December 2018.

Structure and Volume of the Thesis

The Thesis has been developed as a thematically related collection of scientific publications

dedicated to the research on fiber optical FBG sensors in mathematical modelling and their
integration in fiber optical data transmission system and application in real-time monitoring of road

pavement. The Thesis summarizes the information presented in 5 original scientific journal
publications, 4 scientific conference proceedings (indexed in Scopus, IEEE and Web of Science),
one monograph and one patent issued by the Republic of Latvia.



Approbation of Thesis Results and Publications

The main results of the Thesis have been published in 5 original scientific articles, one

monograph, and one patent of the Republic of Latvia. The research results have been presented at

4 scientific conferences (indexed in Scopus, IEEE and Web of Science).

Scientific publications in journals

L.

J. Braunfelds, U. Senkans, P. Skels, R. Janeliukstis, J. Porins, S. Spolitis, V. Bobrovs, Road
Pavement Structural Health Monitoring by Embedded Fiber Bragg Grating Based Optical
Sensors, Sensors, 2022, pp. 1-13. DOI: 10.3390/s2212458]1.

J. Braunfelds, E. Haritonovs, U. Senkans, I. Murans, J. Porins, S. Spolitis, Designing of
Fiber Bragg Gratings for Long-distance Optical Fiber Sensing Networks. Modelling and
Simulation in Engineering, pp. 1-13,2022. DOI: 10.1155/2022/8331485.

J. Braunfelds, U. Senkans, P. Skels, R. Janeliukstis, T. Salgals, D. Redka, 1. Lyashuk, J.
Porins, S. Spolitis, V. Haritonovs, V. Bobrovs, FBG-Based Sensing for Structural Health
Monitoring of Road Infrastructure (2021) Journal of Sensors, 2021, art. no. 8850368. DOI:
10.1155/2021/8850368.

J. Braunfelds, K. Zvirbule, U. Senkans, R. Murnieks, I. Lyashuk, S. Spolitis and V. Bobrovs,
Application of FWM-based OFC for DWDM Optical Communication System with
Embedded FBG Sensor Network, Latvian Journal of Physics and Technical Sciences, p.14.
2021 (in Press).

U. Senkans, J. Braunfelds, I. Lyashuk, J. Porins, S. Spolitis, V. Bobrovs, Research on FBG-
Based Sensor Networks and Their Coexistence with Fiber Optical Transmission Systems
(2019) Journal of Sensors, 2019, art. no. 6459387. DOI: 10.1155/2019/6459387.

Scientific monographs

L.

J. Braunfelds, S. Spolitis, J. Porins, V. Bobrovs, Fiber Bragg Grating Sensors Integration in
Fiber Optical Systems, IntechOpen, 2020, DOI: 10.5772/intechopen.94289.

The results of the Thesis presented in the proceedings oft scientific conferences (indexed in
Scopus, IEEE, Web of Science)

1.

J. Braunfelds, U. Senkans, P. Skels, I. Murans, J. Porins, S. Spolitis, V. Bobrovs, Fiber
Bragg Grating Optical Sensors for Road Infrastructure Monitoring Applications, (2022)
Optics InfoBase Conference Papers, Applied Industrial Optics, pp. 1-2, DOI:
10.1364/A10.2022.W1A.2.

J. Braunfelds, U. Senkans, I. Lyashuk, J. Porins, S. Spolitis and V. Bobrovs, Unified Multi-
channel Spectrum-sliced WDM-PON Transmission System with Embedded FBG Sensors
Network, 2019 Photonlcs & Electromagnetics Research Symposium — Spring (PIERS-
Spring), 2019, pp. 3327-3333, DOI: 10.1109/PIERS-Spring46901.2019.9017809.

U. Senkans, J. Braunfelds, 1. Lyashuk, J. Porins, S. Spolitis, V. Haritonovs, V. Bobrovs,
FBG sensors network embedded in spectrum-sliced WDM-PON transmission system
operating on single shared broadband light source, (2019) 2019 Photonics and
Electromagnetics Research Symposium — Fall, PIERS — Fall 2019 — Proceedings, art. no.
9021628, pp. 1632-1639. DOI: 10.1109/PIERS-Fall48861.2019.9021628.
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INTRODUCTION

Nowadays, the majority of the population understands the meaning of the term “optical
internet”. Optical fiber used as a medium for transmission of information is used in order to provide
a service to the customers. Along with the development of technology, the number of applications
of such optical fibers is increasing, and fiber optic sensors are among these solutions.

Application of optical fibers in sensor designs was reported already in 1970. It became possible
due to the invention of the laser in 1960 and development of low attenuation optical fibers in 1966
[12]. In the early 1990s, optical sensors, which could measure temperature, strain, pressure and
other parameters, were put into use. In turn, the beginning of the 21st century was characterized by
wide application of optical sensors, which measured temperature over the entire fiber length, which
allowed oil and gas companies to monitor their networks and timely repair damages. In building
construction sector, optical fiber sensors were used to monitor critical areas of the buildings and to
plan timely repair works. In the meantime, process efficiency has been considered as an issue of
growing importance, and optical fiber sensors start playing an ever-increasing role.

A lot of progress has been made since, and today optical fiber sensors allow measuring changes
in a wide range of parameters, such as strain, pressure, temperature, movement, vibration,
acceleration, rotation, moisture level, humidity, amperage, chemical composition, and many other
parameters [12]. Development of those sensors was to a great extent promoted by the advantages
optical fibers have over other kinds of sensors, for example, high sensitivity, immunity against
electromagnetic interference, passive sensors, lightweight and compact size, chemical resistance,
multiplexing opportunities, suitability for long-distance change monitoring, low-level induced
attenuation [12], wide range of measured chemical and physical parameters [13]-[16].

Optical fiber sensors are classified into 2 large groups: intrinsic and extrinsic optical fiber

SE€NSors.

In the case of extrinsic optical fiber sensors, optical signals are propagated outside the optical
fiber and they need a sensing element at the end of the fiber. Materials that change their optical
parameters, for instance, refraction index, absorption, fluorescence, reflection, etc., allow
producing a wide range of sensors depending on a parameter to be monitored. Nowadays, extrinsic
optical fiber sensors still play an important role in the general range of optical fiber sensors.
Basically, extrinsic optical fiber sensors use dual fiber connector sensors and Fabry—Pérot
interferometers [17].

Intrinsic optical fiber sensors use optical fiber as a sensing element. Intrinsic optical fiber
sensors are classified into macrobending and microbending sensors, fiber Bragg grating sensors
(FBQ), as well as Rayleigh, Raman, and Brillouin scattering based sensors. In the case of optical
fiber scattering sensors (Rayleigh, Raman, and Brillouin), optical fiber is used both as a
transmission medium and as a sensitive component. In sensors of such kind, optical fiber works as
a sensor over the whole length.

12



The discovery of fiber Bragg grating significantly promoted the development of the optical
fiber sensor and telecommunications industry. Fiber Bragg grating is produced by modifying the
refractive index within the core of an optical fiber (along the longitudinal axis). FBG has a wide
range of applications, for example, in dispersion compensation, optical filters, optical fiber
amplifiers, lasers, multiplexors, demultiplexers, sensors, and other solutions [18]. The reflected
Bragg wavelength is sensitive to various physical parameters, for this reason, FBG can be used as
an optical sensor in order to monitor and determine changes of physical parameters over time. FBG
are quasi-distributed sensors allowing for simple multiplexing — using them in sensor network
solutions (typically, approximately 100 sensors, but using CDM-WDM allows achieving the array
of up to 1000 sensors) [19]. The spatial resolution of FBG sensors is equal to the grating length
(typically, 2—10 mm, in rare cases reaching up to 20 mm). Sampling frequency for standard optical
sensors signal interrogation unit is up to 1 kHz, in rare cases it reaches 5 kHz. FBG sensors can be
used in various industries to measure and monitor temperature, strain, movement, pressure,
vibration, and other physical parameters. FBG sensors tend to be most commonly used (2/3 of
cases) in structural health monitoring (e.g., bridges, dams, roads, buildings, pipelines, etc.) [20]-
[22].

Most commonly, optical FBG sensors are used for strain and temperature measurement in
monitoring of various roads [11], [23], [24], railways [25]-[27], buildings [28]-[30], composite
materials [31]-[34], and health care facilities [35]-[37].

FBG temperature sensors are used to compensate for temperature changes for FBG (strain,
movement, vibration, pressure, etc.) sensors, as well as in monitoring of temperature [38]-[39] and
structural health monitoring (SHM) [40]-[42].

FBG vibration sensors are used mainly in the oil and gas industry [43], [44], SHM [45], [46],
as well as in 2D and 3D vibration monitoring solutions [43], [47], [48].

In turn, FBG pressure sensors are used in pipeline [49], [50], tank [51], and borehole [42]
monitoring. Research results relatively often report on different developed pressure (including, 2D
and 3D) sensors [52]-[54] used for monitoring purposes.

FBG movement sensors are classified by the range into micromovement (I = 0 — 10 mm) and
movement (I > 10 mm) sensors. Micromovement sensors are less common, they are used in
monitoring of structure [55]-[57] and soil [58] movement. In turn, movement sensors are used in
industrial [59]-[60], railway [61]-[62] and health care [50] solutions, as well as in monitoring of
building structures [57], [63], [64] and ground movement [65], [66].

13



Main Results of the Thesis

The research conducted in the course of the doctoral studies was aimed at finding the most
appropriate fiber Bragg grating parameters for sensor networks and long-distance monitoring
solutions, assessing integrability of various optical data transmission systems and their
interoperability with FBG sensor solutions, as well as applicability of these sensors for real-time
monitoring of road infrastructure.

1. DETERMINATION OF THE MOST APPROPRIATE
PARAMETERS OF FIBER BRAGG GRATING FOR SENSOR
NETWORK AND LONG-DISTANCE MONITORING
SOLUTIONS

The majority of optical FBG sensors available in the market has low side-lobe suppression
(SLS) (typically, SLS < 15dB [67], [68]) and/or low reflectivity (typically,7—40 % [67], [69]), and
occupy a wide spectral band (FWHM > 0.3 nm [68]), which does not allow for efficient use of
these sensors for long-distance monitoring purposes (at least 40 km) and their application in sensor
networks.

The research articles [70] and [71] report on the research wherein mathematical simulation
software was used in modelling FBG gratings for sensor network solutions. The research in [70]
has achieved the most appropriate grating parameters in terms of bandwidth (0.13 nm) and SLS
(34 dB), but with reflectivity of just 53 %. In turn, the research in [71] has achieved the most
appropriate grating parameters in terms of reflectivity (99.9 %) and SLS (95.6 dB), but with high
FWHM of 0.434 nm.

To allow for using sensors in remote monitoring at long distances and in sensor network
solutions, they should meet the following parameters:

e maximally high reflectivity (>90 %);
e the narrowest possible bandwidth of a reflected signal (FWHM < 0.2 nm);
e maximally high SLS value (SLS > 20 dB).

FBG sensors with the given parameters (reflectivity (>90 %) and FWHM < 0.2 nm) can be
designed using traditional uniform gratings [71]—[72]. To ensure FBG sensor SLS of at least 20 dB,
it is necessary to use grating apodization. Meeting the requirements of all three parameters towards
FBG sensors is ensured through adaptation of grating length, longitudinal modifications of grating
refraction index (An), and apodization shape. In the course of research, the mathematical simulation
software “OptiGrating” [73]—-[74] was used to develop gratings in SMF, their reflection spectrum
range was measured, the data were processed in MATLAB environment and grating reflectivity
curves, FWHM and SLS dependence on grating length (interval from 1-20 mm) at uniform, sine,
raised sine and Gaussian grating apodization (at An=0,5 x 107%; 1 x 1074 1,5 x 107 2 x 1074
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were plotted. The fiber core had a grating integrated with the following longitudinal modifications

of the refraction index:
2

2-(x—5
Gaussian apodization An(x) = An -exp exp§ — InIn(2)- (%) ; (1.1)
sine apodization An(x) = An- sin( nL—x) ; (1.2)
raised sine apodization: An(x) = An - sin? ( nL—x) (1.3)

where L is grating length, An is modification of the grating refraction index, s is taper length = 0.5,
and x is the coordinate of light that is propagation along the length of the grating (0 <x < L).

As shown in Fig. 1.1, grating reflectivity grows along with the increase of the grating length.
Higher reflectivity is ensured by the uniform FBG followed by FBG with sine apodization. As it
can be seen in Fig. 1.2, the uniform FBG demonstrates the lowest SLS values, which do not reach
the minimal threshold SLS value of the grating. For this reason such FBG may not be considered
most appropriate for sensor network and long-distance monitoring solutions. Higher SLS values
(33-38 dB) ensure FBG with the Gaussian apodization at grating length 1-7 mm, but within 9-20
mm range, higher SLS is ensured by the raised sine apodization (30-32 dB).

SLS (dB)

Reflectivity (%)
.
5

L L L L I L I L I I I I L
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Grating length (mm) Grating length (mm)

Fig. 1.1. Comparison of FBG reflectivity at Fig. 1.2. Comparison of FBG SLS at
An = 1.5 x10™ for uniform FBG and FBG with the An=1.5 % 10 for uniform FBG and FBG with
Gaussian, sine, and raised sine apodization. the aussian, sine, and raised sine apodization.

The results (Fig. 1.3) show that FBG with grating lengths from 1 to 6 mm are not the best option
for sensor networks because they occupy a broad spectral band. Taking into account that any sensor
signal processing and analyzing device has a limited transmitter-broadband light source and
receiver-spectrometer bandwidth, the use of FBG with a narrower spectral band allows positioning
a greater number of sensors on one fiber. Within the narrowest band grating length interval of 1—
7 mm, uniform FBG are used followed by the sine and Gaussian apodization. Within the grating
length range of 820 mm, the narrowest band can be reached using FBG with the Gaussian
apodization followed by sine apodization.

15



—6—Gaussian apodization
S~ Uniform
Sine apodization
—&—Raised sine apodization

Wl - —f— e — € :

0 1 1 I L ! I 1 1 L
0 2 4 6 8 10 12 14 16 18 20
Grating length (mm)

Fig. 1.3. Comparison of FBG FWHM at An = 1.5 x 10~ for uniform FBG and FBG with
the Gaussian, sine, and raised sine apodization.

Table 1 summarizes the most appropriate FBG grating and apodization parameters for FBG
sensor networks and long-distance monitoring solutions. The table does not reflect the uniform
FBG because it does not ensure the minimum SLS requirement. As we can see from the Table 1
data, the raised sine apodization provides relatively similar reflectivity and FWHM as does
Gaussian apodization, but SLS values are significantly better for raised sine apodization than they
can be observed from Gaussian apodization. Based on the research data, the raised sine apodization
is the most appropriate option for sensor networks and long-distance monitoring solutions because
such type of apodization can help achieve comparatively high parameters for FBG gratings at the
applied An. The length of the grating can be reduced when applying higher modulation indexes.
However, a higher modulation index increases the spectral band and thus the FWHM value of an
FBG.

Table 1.1

FBG grating parameters for FBG with the raised sine, Gaussian and sine apodization at An
values 1 x 10, 1.5x 10*and 2 x 107

Apodization Grating Reflectivity FWHM

type An C07) | oth mm) (%) (nm) SLS (dB)

1.0 20 90.3 0.112 35.6

Raised sine 1.5 13 90.0 0.173 35.7

2.0 10 90.4 0.228 35.4

1.0 19 90.0 0.110 26.0

Gaussian 1.5 14 93.1 0.160 24.7

2.0 10 91.7 0.216 26.9

1.0 16 90.9 0.118 20.1

Sine 1.5 11 91.9 0.176 20.7

2.0 13 99.0 0.210 22.5
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The relatively best FBG results (reflectivity = 90.3 %, FWHM = 0.112 nm, and SLS = 35.6 dB)
are observed for raised sine apodization with a modulation index 1 x 107* and grating length of
20 mm. The sensor network with 40 FBG sensors in the wavelength band of 1530 to 1569 nm
(spacing between the sensors is 1 nm) is developed based on these FBG parameters to validate the
found optimal parameters. The reflected optical signal spectrum is shown in Fig. 1.4.
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Fig. 1.4. The reflected spectrum for FBG-based sensor network with the raised sine apodization at
An=1 % 10"*and grating length of 20 mm.

The sensor network (Fig. 1.4) with 40 sensors is characterized by high reflectivity (>90 %) and
SLS value (~30 dB). Sensor’s network SLS value decreased ~5 dB due to side lobes overlapping.

For testing of FBG operation distance, we have, firstly, developed an additional simulation
setup (see Fig. 1.5) by using VPIphotonics mathematical modelling software. The developed
simulation model was validated in the laboratory environment against commercial FBG sensor
network. The FBG sensor transmission characteristic curve for FBG sensors was integrated in the
simulation model. An optical spectrum analyzer and signal processing device were used as a
receiving part of the model to measure the signal spectrum BTB, at 20 km, 40 km, and 60 km
transmission distances.
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Fig. 1.5. Simulation setup for testing FBG sensor operation distance.

Figure 1.6 demonstrates that at SMF length of 60 km it is possible to determine central
wavelengths and SLS value fluctuates from 9 to 11 dB. This means that the FBG sensor network
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with the raised sine apodization at An = 1 x 10~ and grating length of 20 mm can be used in long-
distance (>60 km) monitoring solutions.
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Fig. 1.6. Reflected optical signal spectrum after BTB, 20 km, 40 km, and 60 km transmission.

Summary: The achieved results allow concluding that the set requirements (reflectivity > 90 %;
FWHM < 0.2 nm; SLS > 20 dB) for the functioning of FBG sensor network monitoring solutions
at least over the distance of 40 km can be met with raised sine, Gaussian, and sine apodization. The
most appropriate results (reflectivity =90.3 %, FWHM =0.112nm, SLS=35.6dB) were
demonstrated by FBG with the raised sine apodization at An =1 x 10 and L =20 mm, which
allow using FBG sensor networks in long-distance (60+ km) monitoring solutions.

The original article on the research reflected upon in this section is attached (Annex I) to the
Thesis.
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2. INTEROPERABILITY OF FOTS AND FBG SENSOR
NETWORKS - ASSESSMENT OF THE IMPACT ON
THE QUALITY OF THE DATA TRANSMISSION CHANNELS

Along with the development of information and communication technology and growing daily
user demands, more and more new and upgraded solutions and systems are being developed.
Taking into account favorable installation of optical networks and low utilization rate, as well as
advantages of optical sensors and a wide range of their applications, it is necessary to assess the
opportunities offered by sensor integration in the optical network infrastructure. In order to assess
future opportunities of integrating FBG sensors in fiber optical data transmission systems it is
necessary to assess their interoperability and conduct impact analysis.

One of the most attractive ideas associated with optical sensor networks and data transmission
systems is to design their inputs based on a single broadband light source. In this case, spectrally
sliced wavelength division multiplexing (SS-WDM) technology is used for data transmission. The
main advantages of this technology are described in the research article [75], for instance, cost-
effectiveness and simplification of the transmitting side.

2.1. Assessment of an Integrated Spectrum-Sliced Optical Fiber Data
Transmission and FBG Sensor System

A single shared broadband light source-based FOTS with integrated FBG sensors was tested
using mathematical simulations and laboratory experiments. The system setup is presented in Fig.
2.1. It consists of the transmitter side, optical distribution network, and receiver side.

Transmitter side
Optical

DC distribution
BIAS network
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Fig. 2.1. Spectrum-sliced WDM fiber optical transmission system with embedded FBG sensing
system fed by a single shared broadband light source.

Assessment of data transmission quality using the mathematical simulation software was
performed for a 1.5 Gbit/s spectrum-sliced fiber optical data transmission system with/without an
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integrated FBG sensor (see Fig. 2.2). The results show that power penalty of the integrated optical
data transmission and sensing system (with and without FBG sensor) at FEC threshold 2.3 x 1073
for back-to-back (BTB) transmission is 0.5 dB, whereas for transmission over 20 km long SMF
fiber it reaches 0.2 dB. In turn, power penalty for the integrated optical data transmission and
sensing system (with sensors) at FEC threshold of 2.3 x 1073 (compared to BTB and 20 km long
fiber) is 0.7 dB.
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Fig. 2.2. BER versus average received optical power of 1.5 Gbit/s spectrum-sliced data signals
for (a) B2B transmission and (b) after transmission over 20 km long SMF fiber.

The results of data transmission quality assessment experimentally implemented for SS-WDM
optical fiber data transmission and sensing system with FBG are presented in the eye diagram in
Fig. 2.3 and BER correlation graph in Fig. 2.4.
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Fig. 2.3. Eye diagrams of received SS-WDM FOTS: (a) 1.25 Gbit/s B2B signal; (b) 1.25 Gbit/s
signal after 20 km transmission; (c) 1.5 Gbit/s B2B signal; (d) 1.5 Gbit/s signal after 20 km
transmission.
As shown in Fig. 2.3 (a) and (b), at data transmission rate of 1.25 Gbit/s, the eye diagram for

BTB case looks widely open and BER is equal to 4.6 x 107!, but after transmission over 20 km

20



BER value decreases and is equal to 1.3 x 107°. In turn, at the transmission rate of 1.5 Gbit/s,
BER =9.7 x 107'2 for BTB transmission (Fig. 2.3 (c)), but after 20 km transmission (Fig. 2.3 (d)),
itis 6.1 x 1077,

The results presented in Fig. 2.4 demonstrate that power penalty of spectrum-sliced optical
fiber 1.5 Gbit/s data transmission and sensing system, comparing BTB transmission and
transmission over 20 km at FEC threshold (BER =2.3 x 107), is 1.5 dB. Such power loss is
observed mainly due to dispersion and noise of a broadband ASE light source. Increasing data
transmission rate from 1.25 to 1.5 Gbit/s, data transmission quality deteriorates and BER values

decrease.
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Fig. 2.4. BER versus average received optical power of 1.25 Gbit/s and 1.5 Gbit/s SS-WDM
FOTS signals for (a) B2B transmission and (b) after transmission over 20 km long SMF span.

The achieved results demonstrate that a common broadband light source can be used for
spectrum-sliced optical fiber data transmission and FBG sensing systems and that they are
compatible, it is also possible to carry out error-free data transmission over 20 km long SMF
transmission line at 1.25 and 1.5 Gbit/s data transmission rates.

2.2. Assessment of Interoperability Between Spectrum-Sliced Multichannel
Optical Fiber Data Transmission System and FBG Sensor Network

Interoperability between a 32-channel 10 Gbit/s spectrum-sliced wavelength dense passive
optical network (SS-WDM PON) and an FBG sensing network was assessed with a mathematical
simulation software RSOFT OptSim, the simulation model is presented in Fig. 2.5.

The simulation model setup is based on the setup given in Fig. 2.1 making the following
improvements:

 asemiconductor optical amplifier (SOA) was used to depress ASE intensity fluctuations;
* a Mach—Zehnder modulator (MZM) was replaced with an electric absorption modulator
(EAM) immune to signal polarization state;

* PDs were replaced with avalanche photodiodes (APD) that can function at lower signal
power levels.
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AWG DEMUX

Fig. 2.5. Simulation model of a spectrum-sliced 32-channel FOTS with an integrated FBG sensor
network.

These improvements ensure operation of the system over the distance of 20 km using a 32-
channel 10 Gbit/s SS-WDM PON with an integrated 5 FBG sensor network. Analyzing efficient
interoperability, the impact of sensors on the quality of the transmitted signal was assessed. The
impact can be evaluated by comparing the signal quality of a data channel system with a system
with the integrated data and sensor channels. To compare the systems, a BER correlation graph
was plotted (see Fig. 2.6).

SSWON and sensng network

log  (BER)
10

ptical power level (dBm)

Fig. 2.6. Assessment of BER correlation versus received signal power for a spectrum-sliced 32-
channel optical data transmission system with an integrated FBG sensor network at SMF length
of 20 km.
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The mathematical simulation model assumes a 7 % reserve for the data transmission rate
(simulations were carried out at 10.7 Gbit/s) to allow for the use of the forward error correction
(FEC) code. In this case, the acceptable BER threshold is 2 x 107, which means that the data
transmission system can function efficiently at such a value. The measured BER value for SS-
WDM PON data channels and FBG sensor network is 4 x 107, but for the system based on data
channels it is 2 x 107, The power penalty was calculated based on the measurement results, it is
equal to 3.25 dB (comparing the results of an SS-WDM-PON data channel with and without FBG
sensor network at BER threshold value of 2 x 107%).

2.3. FWM Optical Frequency Comb-Based DWDM Optical Data Transmission
System with an Integrated FBG Sensor Network

Mathematical simulation model was conducted to develop and evaluate the performance of a
four-wave mixing-based optical frequency comb (FWM-OFC) 8-channel DWDM transmission
system with an integrated FBG sensor network. The mathematical simulation model developed
using RSOFT OptSim consists of an optical line terminal (OLT), optical distribution network
(ODN), and optical network units (ONUs) (see Fig. 2.7).
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Fig. 2.7. Mathematical simulation model for the 8-channel DWDM-PON system based
on FWM OFC with the integrated sensor network of 7 temperature sensors.
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FWM-OFC was generated using two continuous wave (CW) lasers, an optical power coupler,
high nonlinearity fiber (HNLF); an OSA was used for comb determination. The CW laser output
power (20 dBm) and HNLF length (2 km) were set to achieve the frequency comb with the
maximum number of combs and high flat amplitude at the output. CW lasers central frequencies
were set at 193.1 and 193.15 THz to ensure that their inter-channel spacing was 50 GHz (according
to recommendations of ITU-T G.694.1 [76]). The OFC-generated FWM frequency comb had an
average power level of 0 dBm, fluctuation was below 3 dB, and 33 dB sideband suppression was
in 192.9-193.25 THz frequency range.

The parameters of a commercial [77] FBG sensor experimentally in lab measured conditions
were integrated in the mathematical simulation model: transmitted and reflected spectrum and
technical parameters (central wavelength, FWHM, reflectivity, etc.).

VOA in ONUs units, 10/90 % power splitter, power meter was used to measure BER
correlation graphs (Fig. 2.9.) and monitor the input power in APD photodiode (sensitivity —20 dBm
at BER < 107'%). A -3 dB 7.5 GHz Basel low pass filter (LPF) was used to filter noises.

The fourth channel demonstrating the lowest performance was used in evaluation of data
transmission quality. Figure 2.8 shows the oscilloscope’s graph of the received signal change over
time for NRZ signal of an integrated 10 Gbit/s system after transmission over 50 km through the
SMF fiber. As observed in Figs. 2.8 and 2.10 (b), NRZ signal has the evident dispersion effect,
which results in propagation of the pulses.

0
8 X

Voltage (a.0)

Optical power level (48m)
Time (ns)

Fig. 2.8. The received signal graph for a 10 Gbit/s Fig. 2.9. BER versus the received signal power for an
NRZ signal after 50 km long transmission. 8-channel FOTS with an integrated FBG sensor
network.

The system model under study featuring an integrated optical sensor and dense WDM-PON
systems, must have a BER of at least <107!2, normally considered as BER threshold for error-free
transmission [78]-[80]. Eye diagram for the integrated system after BTB transmission and
transmission over 50 km are presented in Fig. 2.10. Eye diagram is widely open, which allows for
error-free transmission. BER of the BTB configuration is equal to 8 x 1077, but after transmission
over 50 km it is 9.4 x 1077,
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Fig. 2.10. Eye diagram for the data channel with the worst-performance in the combined
system after (a) BTB and (b) 50 km long transmission.

Conclusion: The research and results show that FBG sensors can be integrated in DWDM, SS-
WDM optical fiber data transmission system without any significant impact on the quality of data
transmission. BER for data channels of the hybrid single-broadband light source-based system built
with 32-channel 10 Gbit/s SS-WDM PON and a FBG sensor network is 4 x 1077, but for the system
without a FBG network it is 2 x 1077

The original scientific publications and the patent of the Republic of Latvia referring to the
research discussed above are attached in Annexes II-VIII to the Thesis.
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3. APPLICATION OF THE FBG OPTICAL SENSORS IN ROAD
STRUCTURAL HEALTH MONITORING

To ensure high safety of civil infrastructure, such as roads and bridges, assessment of structural
integrity in relation to the load-carrying capacity, which decreases due to aging, deterioration, or
damage, must be carried out continuously. The asphalt concrete pavement deteriorates under the
increasing traffic and complex climate conditions, i.e., with changing temperature and humidity
depending on seasonality [81]. FBG sensors fit perfectly for instant real-time identification of
structural deformation, fatigue, load-carrying capacity, cracking, and construction defects in road
structures [11], [23], [82]-[87]. Since measurements often must be carried out in rural areas or in
the environments exposed to electromagnetic fields, or the environments with no power supply,
the use of optical fiber sensors is constantly growing.

An 8-channel optical sensor signal processing interrogation unit and optical distribution
network were used for structural health monitoring (see Fig. 3.1). In this technical solution, the
optical sensor signal processing interrogation unit functions as a transceiver, with the transmitting
part based on SLED broadband source (FWHM = 55 nm), in turn, an optical spectrometer and a

DSP block are the receiving part. Compared to OSA, the optical spectrometer ensures 10° times

faster (OSA 5 % [88], spectrometer 5000 %js) performance, which is very essential for accurate

assessment of strains caused by vehicle loads in motion. The digital signal processor (DSP)
receives the spectrometer data, detects central frequencies of the sensor(s) and calculates
temperature and strain values. The OS is used to ensure switching from one port to another at a
pre-set time interval. The OS allows parallel real-time monitoring of 8 different channels (sensors,
sensing network). The optical sensor signal processing interrogation unit is connected to SMF cable
and FBG temperature and strain sensors embedded in the road pavement.

The location for FBG sensor integration into pavement structure was chosen in accordance with
the recommendation given in European Weigh-In-Motion. Roads A2 (Riga—Sigulda—Estonian
border) and A8 (Riga—Jelgava—Lithuanian border) were selected for the research.
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Fig. 3.1. System setup for strain and temperature monitoring.
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3.1. Road SHM by Using FBG Optical Sensor Embedded in the Road Pavement
Surface Layers

Commercial FBG strain [89] and temperature [90] sensors integration in road pavement (see
Fig. 3.2) was carried out in 2019-2020 in 2 locations within the framework of the reconstruction
project of Road A2 (37 km, Riga direction).

A commercial surface mounted FBG strain sensor (grating length 10 mm) was integrated into
glass/epoxy composite patches (250 mm x 15 mm) [89] and FBG temperature sensor [90] — into a
ceramic tube (diameter 3 mm, length 23 mm). The temperature sensor was integrated into the
ceramic tube to isolate the sensor from strain impacts.

In location (a) 57°07'18.4"N 24°40'02.6"E, FBG strain and temperature sensors were
embedded in the road pavement between the layers of 30 mm stone mastic asphalt (SMA11) and
60 mm asphalt concrete (AC11). The sensors were embedded at the depth of 25 mm. In location
(a), the road pavement has a multilayer structure (30 mm SMA11, 60 mm ACI11, 150 mm rubble,
sand), but in location (b) — one-layer structure (70 mm ACI11 and gravel). In location (b)
57°07'07.4"N 24°39'04.1"E, FBG strain and temperature sensors were embedded in the 70 mm
asphalt concrete (AC11) layer of the temporary road at the depth of 25 mm.

FBG strain and temperature sensors

AC11 SMA 11

Gravel
150

Our integrated
FBG sensors

Sand

Fig. 3.2. Embedded FBG sensors on the carriageway in locations (a) and (b).

Taking into account that the strain caused by traffic depends not only on the load, but also on
the road pavement temperature, it is essential to develop an FBG sensor calibration technique. A
falling weight deflectometer (FWD) is used in FBG sensor calibration (see Fig. 3.3), which
provides a fixed calibrated load to the FBG sensor. Falling weight deflectometers are in widely
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used for nondestructive pavement testing and are used as a research or structural evaluation method
[911-[93]. Measured FWD load pulse over time at 50 kN load is presented in Fig. 3.4.
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Fig. 3.4. Measured load pulse that is induced by
the FWD.

An FWD device was used to assess the operating distance of the FBG sensor in the horizontal

FWD’s load plate
‘center (0 cm)

Fig. 3.3. FWD equipment.

direction. The research was done in location (a). The FWD device load plate center was placed at
4 distances (precisely on the sensor and at the distance of 300mm, 600mm, and 900 mm), which
applies a fixed 48.9 £ 0.5 kN load dropes 6 times (see Table 3.1). During all measurements,
temperature was compensated using an FBG sensor. As it can be seen in Table 3.1, results gathered
with the FBG sensors show the possibility to precisely (the relative scatter 4.8—12.8 %) detect the
strain values, which allows to evaluate the real operation of the pavement structure under load. As
it can be seen, the highest strain value (averaging 151.8 + 9.9 um/m) is detected when the center
of the FWD load plate is located over the embedded FBG strain sensor.

Table 3.1

FBG sensor measured strain (um/m) values depending on horizontal distance between the FWD
plate center and the sensor

No. of Horizontal distance of the FWD plate with respect to the FBG sensor (mm)
FWD drop 0 300 600 900
1 162.5 91.5 24.6 12.5
2 145.9 77.6 27.0 13.1
3 142.7 80.5 242 12.2
4 149.5 73.4 28.3 12.1
5 161.6 85.8 25.7 13.2
6 148.5 71.2 25.1 13.2
Average value of 151.8+£9.9 80.0 +10.2 25.8+2.1 12.740.6
measured strain (Lm/m)

FBG strain sensors are fixed to the asphalt side, then monitoring with high accuracy can be
realized from the side where the sensor is embedded. This is the main disadvantage of this method,
which must be taken into consideration when applying the integration process of the sensors. For
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fixed one-way traffic, it does not create monitoring restrictions, but if the traffic direction is
changing, then it is necessary to integrate FBG sensors on both sides.

The FWD equipment measured the drop’s load after each drop with its sensors. It was observed
that in full measurement, the spread of the load in all cases was less than 1 %. The measurements
were taken in summer at the road pavement layer temperature of 20.5 °C.

In order to evaluate the impact of the road pavement temperature on the measured strain,
another session of measurements, therefore, was repeated in autumn (pavement temperature
6.9 °C). The comparison of the results at 6.9 °C and 20.5 °C is given in Fig. 3.5. During the
experiment, the FWD load of drops was 51.98 + 0.94 kN. In order to evaluate the impact of the
road pavement temperature on the measured strain, another session of measurements was repeated
in autumn. As can also be seen, all values of the measured strain were lower in autumn compared
to those in summer. The same tendency was observed in research [84]. The strain values were
higher in warmer weather because of the stiffness that decreases at higher temperatures; so, as a
result, strain values are increasing. Therefore, it is very important to take into consideration the
temperature of the road when carrying out the second part of our research — strain measurements
from passing vehicles.
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Horizontal distance from the FWD's load plate and embedment of the FBG sensor

Average value of strain (um/m)

Fig. 3.5. Average value of strain for FWD drops when road temperature is 6.9 °C and 20.5 °C.

Real-time monitoring of vehicle traffic was realized in September 2019 on the temporary road
section in location (b). The average temperature of the road pavement layer (measured by an FBG
temperature sensor) during the measurements was +25.2 °C. Parallel to the real-time strain
measurements, a video was taken in order to be certain that the road traffic changes are calibrated
with the strain measurements, as well as to see the “strain-pattern” of different vehicles, mainly
trucks. It can be seen that the truck traffic in particular is generating the highest strain in the
pavement structure. If the graph is zoomed in, then the number of vehicle axis and the strain value
of each vehicle axis can be detected. From the measured FBG strain, sensor data shows that the
“G” truck’s last axis (5) creates the highest strain or relative deformation value, which is
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375.6 um/m. The second highest strain value (356.4 pm/m) was created by the “B” gravel truck
that has 3 axes. It is important to note that in Fig. 3.6, upper part visually does not show all of the
trucks that were passing by, for example, at the time spans of 73, 728, 891, 986, and 1084 s.
Measured strain values are comparable and similar to those shown in research [94].
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Fig. 3.6. Measured real-time strain graph of passing traffic by the embedded FBG sensor.

The summary of the measurements gathered by the road truck traffic while using FBG sensors
is shown in Fig. 3.7. Here, a focus is made on the road’s truck traffic, not the traffic of the passenger
cars, as trucks cause the highest applied strain values and damage to the road pavement. The graph
represents the generated truck strain value histogram. It is important to add that the strain value
histogram contains all the measurement data, not only those presented in Fig. 3.6.
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Fig. 3.7. Histogram of strain values generated by trucks measured with embedded FBG sensors.
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As it can be seen in the histogram (Fig. 3.7), trucks most often (33 % of the time) can be put
into the category that generates strain of 300-350 pm/m. If all of the data is collected and compared,
then trucks, on average, generate 282 pm/m strain value each.

3.2. Road SHM by Using FBG Sensor Embedded into the Cement-treated RAP
Mixture Layer of the Road Pavement

In 20202021, FBG sensors were embedded in the cement-treated reclaimed asphalt pavement
(RAP) mixture layer of Meitene—Jelgava—Riga highway (A8) surfacing (geographical location). A
commercial embedded-type strain sensors [95] with the range of +5000 pe, tolerance <1 um,
central wavelength of 1544.8 nm, and a temperature sensor [96] with operation range from —40 °C
to 120 °C, accuracy +0.3 °C and central wavelength of 1554.558 nm were installed. The sensors
were embedded into the cement-treated RAP mixture layer of the road surfacing at 25 mm depth
(total depth of embedment is 240 mm), see Fig. 3.8.
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Fig. 3.8. Schematic setup of the FBG optical sensors’ embedment (mm) and placement for strain
and temperature measurement experiments.

As seen in Fig. 3.9, when generating strain with an FWD deflectometer (load of 50 kN)
precisely above an FBG sensor, average strain Ag_avg is 34.63 pm/m, but in the scenario with the
load plate 50 cm away from the sensor, average strain is 14.03 pm/m. The measurements were
taken at the cement-treated RAP mixture layer temperature 1-1.5 °C. The correlation between the
strain and distance can be characterized with a linear function.

The results show that during the research it is essential to ensure that vehicles drive onto the
sensor, or as close to the sensor as possible. In cases when it is not possible to fulfil the above
requirement, the author recommends applying sensor networks in order to place sensors in a
parallel circuit at some offset distance (e.g., 20 cm).
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Fig. 3.9. Correlation between the received strain values and FWD’s load plate centrum position.

Figure 3.10 demonstrates the correlation of the FBG sensor measured average strain values and
FWD generated stress in the case when sensors are embedded in the cement-treated RAP mixture
layer of road AS8 surfacing. During the measurements, the cement-treated RAP mixture layer
temperature was 1-1.5 °C. Along with an increase of FWD generated stress (in the range of 470—
1170 kPa with a step of 200 kPa), the strain values show linear growth. The achieved characteristic
curve data allow for sensor calibration in the real environment. Such technique of sensor calibration
should be used to weigh in motion solutions to determine strain values versus vehicle mass.
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Fig. 3.10. Received average FBG optical strain sensor’s strain values (um/m) for every induced
stress (kPa) level made by the FWD device.

Table 3.2 presents received strain measurement values generated by the FWD devices versus
the road pavement layer temperature. FWD device is positioned right on the embedment position
of the FBG strain and temperature sensors. FWD load drops load — fixed to 50 kN (pressure
707 kPa) for each drop. As can be seen in Table 3.2, with the temperature range of 1-1.5 °C, the
received average relative strain value at the recycled layer is 2.5 times higher than at 24.8-25.1 °C.
Such results can be explained by the effect of temperature on the different layers of the road
structure. As environmental temperature decreases, so does the temperature of the road’s layer
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materials. With lower temperatures, for example, during wintertime, upper asphalt layers are
becoming stiffer, thus induced strain by the FWD device (or any other transport traffic vehicle) is
more freely carried over to deeper layers of the road — recycled layer. The results show that the
impact of temperatures is essential and should be taken into consideration during measurements
and calibration of sensors. As a result, calibration of the sensors should be made not only depending
on load or stress, but also on the temperature.

Table 3.2

Received strain measurement values induced by the FWD devices versus ambient temperature

The temperature of the cement-treated o o
RAP mixture layer during the experiments -15C0) 24825100
Ag,,y (nm/m) 34.63 13.70
Coefficient of variation (%) 4.26 6.57

As experiments with FBG strain optical sensor and FWD device approved the stable and correct
operation, the next research phase consists of transport traffic strain monitoring experiments.
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Fig. 3.11. Real-time traffic strain measurement data.

The temperature within the cement-treated RAP mixture layer, during experimental
measurements, varies within a range of 1-1.5 °C. As there are different types of transportation
passing the road, to better comprehend the strain-induced changes and their amount, we categorize
all of the transport into 4 classes: 2 axle passenger cars (Fig. 3.11 (a)), 2 axle minibuses, vans (Fig.
3.11 (b)), 2-3 axle trucks (Fig. 3.11 (c)) and 46 axle trucks (Fig. 3.11 (d)—(f)).
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Figure 3.11 presents measured strain-induced changes in time for 6 randomly chosen vehicles.
As Fig. 3.11 shows, an embedded FBG optical strain sensor allows for precise detection of the
strain-induced changes in time for each axle of a vehicle. The acquired results can be applied in
determining the vehicle movement speed, e.g., the measurement in Fig. 3.11 (a) for a BMW X5
car (distance between axles 2.975 m) the measured time between strain peaks (axle points) is
0.164 ms. Based on this data, we can calculate that the movement speed of this car is 65.3 km/h.

It is essential to point out that depending on the vehicle type, mass, and number of axles, the
strain value relaxation time is different. The typical recovery time for passenger cars is up to 3 sec,
but for trucks — typically up to 5 sec.

Table 3.3 summarizes the data on strain value intervals (for a vehicle axle) for each group of
vehicles. The strain intervals are divided into 2 types: 1) induced strain shift range; 2) typical (90 %
events) strain shift range. The measurements show that passenger car axles typically induce 2—10
times less strain than the axles of 2 axle vans and 3—45 times less strain than 4—6 axle trucks.

Table 3.3
Measured induced strain shift range and calculated typical strain shift of real-time traffic
p = LN oy ‘
O‘O'M l_:@_ e % W;:
2 axle 2-3 axle 4-6 axle
2 axle vans
passenger car trucks trucks
Induced strain shift range 0.7-6 4.6-13 10-38 10-42
(pm/m)
- o .
Typical (90 % events) strain 0.8-4.1 5.5-8.5 11-26 14-36
shift range (um/m)

Summary

The research results allow concluding that embedded (anchor) type FBG sensors are the most
appropriate for measuring road pavement strain caused by vehicles. For road monitoring purposes,
FBG strain sensors should be calibrated not only depending on the applied load, but also on road
layer temperature. High sensitivity of FBG sensors allows strain measuring for each vehicle axle.
Experiments and measured results are very topical for local and international road pavement
designers and road management services to forecast the potential collapse of the road, permanent
deformation, weight of the vehicles and number of their axles, as well as for traffic monitoring,
and road pavement temperature monitoring. These data also can be used for smart road solutions
[97] for traffic flow analysis, vehicle counting, and free parking lots analysis.

The original publications on the research discussed in this subsection are attached (Annexes
VIII XTI to the Thesis).

34



CONCLUSIONS

The most valuable results (reflectivity = 90.3 %, FWHM =0.112 nm, SLS = 35.6 dB) for long-
distance monitoring solutions based on FBG sensors network were achieved using FBG with
the raised sine apodization at An =1 x 10#and L = 20 mm.

FBG sensors’ network (40 sensors) with the raised sine apodization at
An=1x10"* and grating length of 20 mm can be used in 60 km and longer monitoring
solutions.

For the hybrid single broadband light source-based system with 10 Gbit/s 32-channels SS-
WDM PON and 5 FBG sensor network, the received BER is 4 x 10”7, but for the system
without an FBG network — 2 x 1077, The FBG sensor network had an insignificant impact on
the data transmission system.

Power penalty for the SS-WDM data transmission and sensor system with and without an FBG
sensor at FEC threshold of 2.3 x 1073 without the transmission line is 0.5 dB, but with 20 km
long SMF it is 0.2 dB.

Considering the experimental road measurement results, it can be stated that embedded
(anchor) type FBG strain sensors are most suitable for embedment into the road pavement,
allowing for real-time assessment of the strain induced by traffic loads and performing the
structural health monitoring.

Axles of passenger cars normally cause 2—10 times less strain in the cement-treated RAP
mixture layer compared to 2 axle vans (0.7-6 pm/m and 4.6—13 pm/m, respectively) and 3—45
times less strain than 4—6 axle trucks (12—42 pm/m).

The recommendations formulated during the development of the Thesis are intended for:
e FBG sensor network designers and manufacturers;

e optimization of the existing optical metro access networks in use, as well as establishment
of the new ones;

e local and international road pavement designers and road maintenance service providers,
developers and manufacturers of smart road solutions.

The results achieved during the Thesis development and reported in the research have been

presented in 5 scientific articles, 4 scientific conference proceedings (indexed in Scopus, IEEE and

Web of Science), one monograph, and one patent issued by the Republic of Latvia. The research

results were also presented at 13 scientific conferences (proceedings not indexed in Scopus, IEEE,
Web of Science).

Participation in public events: European Researchers’ Night, Latvian Radio 1 podcast

“Zinamais nezinamaja’, RTU homepage, Magazine “IR”, Delfi, LMT, LETA, IZM, labsoflatvia,
Dienas Bizness, LA.lv, etc.
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