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"O assunto mais importante do mundo pode ser simplificado até ao ponto em que todos
possam aprecid-lo e compreendé-lo. Isso é - ou deveria ser - a mais elevada forma de
arte.”

Charles Chaplin (1889-1977)



RESUMO

Esta dissertacdo discute a medi¢do e caracterizacdo de cabos multicondutores usados
em sistemas de sinalizacdo ferrovidria. Ao aplicar a teoria de linha de transmissao para
multicondutores, na configuragdo de n fios, o presente trabalho faz uso de um forma-
lismo matematico para modelar o comportamento dos cabos multicondutores utilizados
em sistemas de sinalizacdo ferrovidria e, consequentemente, realizar andlises a partir
de simulacdes numéricas. Visando promover a caracteriza¢ao desses condutores, a pre-
sente dissertacdo discute trés arranjos experimentais para a realizacdo de campanhas de
medicdo em laboratério e no campo. Os arranjos experimentais contemplam a medi¢ao
da impedancia caracteristica, parametros de espalhamento, resposta em frequéncia de
diafonia e ruido aditivo na faixa de frequéncia entre 20 Hz-2 MHz. A seguir, a presente
dissertacao descreve as campanhas de medicao realizadas em laboratério e no campo. A
discussdo comparativa entre os resultados coletados a partir das simulagdes numéricas
baseadas na modelagem adotada e através das campanhas de medicao no laboratdrio
e no campo apresentam elevado nivel de concordincia. Finalmente, uma andlise da
densidade espectral de poténcia do ruido aditivo, juntamente com a magnitude da res-
posta de frequéncia de um condutor no cabo multicondutor empregado em sinaliza¢ao
ferrovidria, confirma que tanto a comunicacao de dados quanto o sensoriamento podem
ser realizados, com certas restricdes, a partir do emprego de sinais elétricos de baixa
poténcia, um requisito essencial para evitar interferéncia nos sistemas de sinalizacao

ferroviaria existentes.

Palavras-chave: sistema de sinaliza¢do ferrovidria, linha de transmissao para multicon-

dutores, impedancia caracteristica, parametros de espalhamento, diafonia, ruido aditivo.



ABSTRACT

This thesis presents the measurement and characterization of multiconductor cables
used in railway signaling systems. By applying multiconductor transmission line theory
to an n-wire configuration, this work applies a mathematical formalism for analyzing
the behavior of these multiconductor cables through numerical simulations. Aiming
to provide a characterization of these cables, this thesis discusses three experimental
setups for conducting measurement campaigns both in the laboratory and in the field.
These setups cover the measurement of characteristic impedance, scattering parameters,
crosstalk frequency response, and additive noise over the frequency range from 20 Hz-
2 MHz. The dissertation then describes the measurement campaigns performed in both
environments. A comparative discussion between results obtained from the simulations
based on the adopted model and those from the laboratory and field campaigns shows a
high level of agreement. Finally, an analysis of the additive noise power spectral density,
together with the magnitude of the frequency response of a single conductor within the
multiconductor cable used in railway signaling, confirms that both data communication
and sensing can be carried out under certain constraints using low-power electrical
signals. The use of low-power electrical signals is an essential requirement to avoid

interference with legacy railway signaling systems.

Keywords: railway signaling system, multiconductor cable, characteristic impedance,

scattering parameters, crosstalk, additive noise.
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1 INTRODUCTION

The expansion of railway transportation systems has been recognized as a rele-
vant decarbonization action to mitigate the climate emergency and promote sustainable
development in the land transportation sector. Indeed, railways are well-established as
the most efficient land transportation systems for a large number of cargo and people,
especially when distances increase compared to roads. Although the advantages of a
robust railway system are evident for a continental country like Brazil, decades of in-
sufficient long-term planning, ineffective decision-making, and weak governance have

eroded its operational efficiency [1].

According to the National Association of Railway Transporters (in Portuguese,
Associacdo Nacional dos Transportadores Ferrovidrios — ANTF) [2], there are more
than 31, 000 km of railways in Brazil, which is insufficient to promote efficiency in the
Brazilian transportation systems. Currently, the existing Brazilian railway transportation
system is primarily used for mining and agriculture, as well as the steel and cement
industries, civil construction, and oil production. Additionally, a few Brazilian cities
have urban railway systems for public transportation, indicating that Brazil is lagging in

meeting its transportation efficiency needs.

It is important to mention that Brazil has undergone significant transformations
in its railway sector, particularly with privatization efforts in the 1990s, which resul-
ted in notable improvements in safety and freight capacity [1,3]. These reforms have
strengthened the role of railways in supporting the country’s growing demand for effici-
ent transport of goods, especially in sectors such as mining, agriculture, steel and cement
industries, civil construction, and oil, where long-distance logistics are crucial to econo-
mic success. On the other hand, privatization did not address network expansion, which
is a crucial issue for a country with a railway network density of only 3.6 km/1000km?
and very low compared to countries such as the United States of America, China, India,

and Europe, see details in Table 1.

The railway transportation system remains relatively underdeveloped compared
to the roadway network in Brazil. Currently, Brazil is relying on 2035 National Logistics
Plan (PNL35) to expand its railway network up to 2035. The PNL35 is a strategic

document from the Brazilian government, outlining an action plan for the development of
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Tabela 1 — Railway Network Density Comparison

Region Area Railway Network | Railway Network Density
(km?) (km) (km/1 000 km?)

Brazil 8,516,000 30,576 3.59

China 9,597,000 155,000 16.15

USA 9,834,000 220,044 22.38

India 3,287,000 68,584 20.87

European Union | 4,233,000 200,947 47.47

the country’s transportation sector through 2035. It seeks, for the first time, to optimize
transport infrastructure by integrating different modes (road, rail, waterway, air, and
pipeline) to ensure greater efficiency, safety, and sustainability in the transportation of
goods and people. In 2025, the Brazilian government established a new working group
to produce the 2050 National Logistics Plan (PNL50), which will focus on the same aims
of PNL50 with some updates to expand railway transportation systems up to 2050 [4].

Overall, there are initiatives to modernize the Brazilian railway network [1];
however, much of its infrastructure still depends on legacy technologies installed deca-
des ago, with minimal subsequent upgrades. Exposed to natural weathering—extreme
temperatures, humidity, and corrosion [5, 6]—this aging infrastructure suffers physical
degradation that undermines component integrity, highlighting the necessity of continu-
ous asset degradation monitoring [7]. Consequently, the railway infrastructure becomes
more vulnerable to environmental stressors, the likelihood of service disruptions grows,
further complicating railway operations and jeopardizing the safe transport of goods
and passengers [8]. Therefore, maintenance operations are often required to minimize
the impact of these problems on the railway transportation system. Additionally, it
is crucial to develop strategies that reduce train downtime during maintenance activi-
ties while minimizing adverse effects on overall railway operations. Predictive and
corrective maintenance have been widely applied to maintain the efficiency of railway

infrastructure.

In railway transportation systems, both predictive and corrective maintenance
are applied to the electrical power, electronics, civil, and rolling-stock subsystems. The
electronics subsystem supports traffic control and communications, making it essential

that track-circuit signaling be kept in reliable working order to prevent accidents by
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maintaining safe separation between trains, preventing simultaneous authorization of
conflicting routes, and enforcing speed limits through the automatic activation of braking
systems when a train exceeds its permitted velocity. One common failure in railway
transportation systems is false occupancy, where a track circuit indicates that a section
is occupied despite the absence of a train [9]. When the control center detects false
occupancy, a maintenance crew must be dispatched to locate and remedy the fault.
Depending on the cause and size of the track circuit, this process can be time-consuming,

halting traffic on the affected section and resulting in significant economic losses.

Regarding the track circuit, condition monitoring and fault diagnosis of railway
signaling cables have garnered significant attention due to their critical role in ensuring
the safety and reliability of railway operations. The signaling cables are directly buried,
and, consequently, their conditions deteriorate over time, influenced by soil composition
and climate factors. This degradation can lead to several undesirable outcomes, inclu-
ding inaccurate train positioning information, delayed signaling, and, in some cases,
unsafe operating conditions. If left unchecked, the degradation of signaling cables can
remarkably reduce the efficiency of railway operations and increase the risk of accidents
[10].

Several studies have proposed advanced methods to assess the health of buried
cables. Vijayetal. [11,12] proposed an orthogonal multitone time-domain reflectometry
approach for soft fault detection in underground railway cables, leveraging software-
defined radios and a Bayesian framework to compute a comprehensive cable health index.
Similarly, Smith et al. [13] highlighted the effectiveness of time-domain reflectometry
(TDR) in locating intermittent faults in cables, emphasizing its noise immunity and
adaptability to complex impedance scenarios. The relevance of reflectometry techniques
is further reinforced in the work by Oliveira et al. [14, 15], who applied both TDR and
power line communication (PLC) to detect faults in low- and medium-voltage distribution

cables.

The use of PLC for condition monitoring has also been extensively studied. For
instance, Prasad et al. [16] demonstrated the application of PLC modems to detect
short circuits in underground conductors. Benesl et al. [17] explored broadband PLC
to assess the technical condition of cables, while Huo et al. [18] proposed a machine

learning-based diagnostic framework embedded in PLC modems for remote monitoring
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of cable aging, showing promising results in terms of robustness under various load and

degradation scenarios.

In addition, Grzechca et al. [19] investigated the impact of outer jacket degrada-
tion on the communication performance of twisted-pair cables, presenting degradation
functions to model environmental effects on cable parameters. Complementing these
studies, Oliveira et al. [20] proposed a methodology for estimating frequency responses
between cable endpoints, highlighting its value for real-time diagnostics. Recent reviews
by Fraga-Lamas et al. [21] and Ribeiro et al. [22] present the evolution of Internet of
Things (IoT)-enabled technologies and innovations for predictive maintenance in smart
railway systems. Furthermore, Zhuang et al. [23] showed the applicability of IoT-based
insulation monitoring in distributed electric power grids, a concept that could be adapted

to railway signaling systems.

Overall, the aforementioned studies focus on the use of a specific technique
for monitoring the degradation of multiconductor cables that transmit signaling signals
between consecutive cabinets housing signaling equipment; however, they do not provide
fundamental information about the feasibility of monitoring multiconductor cables based
on the use of electrical signals. For instance, the aforementioned studies do not provide
information on the useful frequency band and bandwidth for sensing, the characteristic

impedance of these cables, or a suitable model for these multiconductor cables.

1.1 OBIJECTIVES

Aiming to bridge the aforementioned gap in the literature, this thesis focuses
on the measurement and characterization of multiconductor cables used to transmit
signaling information in railway signaling systems over the frequency band between
20 Hz and 2 MHz, which can cover both sensing and data communication demands. To
achieve this, it discusses measurement setups and campaigns used to obtain a reliable
representation of the multiconductor cables employed in railway signaling systems, in
terms of scattering parameters, characteristic impedance, and transfer functions. In this

sense, the specific objectives are summarized as follows:

* To apply the multiconductor transmission lines (MTL) theory in the frequency

domain to model multiconductor cables as n parallel wires, enabling numerical



20

simulations to compute key electrical parameters, including scattering parameters,
near-end crosstalk (NEXT) and far-end crosstalk (FEXT) frequency responses,

and characteristic impedance.

* To design and implement three experimental setups for measuring scattering pa-
rameters, crosstalk (NEXT and FEXT) responses, characteristic impedance, and

additive noise in both laboratory and field environments.

* To provide a detailed comparison of the results obtained from numerical simulati-
ons and those from laboratory and field measurements, showing the validity of the

MTL theory and experimental setups to characterize these multiconductor cables.

1.2 ORGANIZATION

The remainder of this thesis is structured as follows:

» Chapter 2 presents the theoretical basis using MTL theory and formulates the

research problem in the context of railway signaling systems.

* Chapter 3 describes the experimental setups developed to measure and characterize

multiconductor cables.

* Chapter 4 delineates the laboratory and field measurement campaigns and the data

acquisition procedures.

* Chapter 5 analyzes the measured and simulated results, validating the proposed

modeling approach.

* Chapter 6 discusses the main contributions of this thesis and proposes directions

for future work.
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2 FUNDAMENTALS AND PROBLEM FORMULATION

This chapter presents the mathematical model based on the MTL theory [24] in
the frequency domain, allowing for deductions of direct, FEXT and NEXT frequency
responses that can be used to characterize the multiconductor cables used in railway
signaling systems. Moreover, it focuses on the motivations for measuring and characte-
rizing these cables. Finally, it points out the research questions that are addressed in this

thesis.

The organization of this chapter is as follows: Section 2.1 discusses the mathe-
matical framework for modeling the cable using MTL theory and Section 2.2 formulates

the problem investigated in this thesis.

2.1 MULTICONDUCTOR THEORY

In railway signaling systems, as shown in Fig. 1 (a), metallic cables are employed
extensively for the transmission of control and monitoring signals over considerable
distances. These cables are generally multiconductor, consisting of multiple insulated
conductors arranged in parallel within a shared shielding structure. Railway signaling
systems rely on various electronic devices, including relays and actuators, for track
circuits. These devices are housed in specialized cabinets to protect them from adverse
weather conditions, as shown in Fig. 1 (b). The cabinets are one to three kilometers
apart, forming a network interconnected by multiconductor signaling cables. In Brazil,
railway signaling systems primarily include uninterruptible power supply (UPS) units,
multiconductor cables to connect adjacent cabinets, relays, and lightning protection
systems, as specified in [25-27]. Despite their critical role in railway infrastructure,
there is a notable lack of modeling efforts specifically dedicated to signaling cables in
the context of railway systems. This is in contrast to the extensive literature available
in other domains, such as telecommunications, particularly for twisted-pair cables and
electric power systems, where multiconductor modeling techniques are well established

and widely applied.

In this thesis, the multiconductor cable under study is the WirexControl V70P
BFTC - 1 kV model [28]. These signaling cables, with a total diameter of D = 18.5 mm,
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Direct burial cable
@

()
9777/7////////111 B \\\\NNN
(a)

Figura 1 — The railway signaling system: (a) illustration of two cabinets connected through direct
burial multiconductor cable, and (b) illustration of multiconductor cable, constituted
by 12 conductors, and its cross-section view.

contain 12 conductors each numbered on a printed label starting in 1 to 12, as shown
in Fig. 2, each with a diameter of d = 1.5mm. The geometry of the cable plays a
fundamental role in determining how signals propagate within it. Installed underground
along the edge of the railway line, these multiconductor cables must ensure reliable
communication for the railway signaling system. Therefore, maintaining the integrity
of these signaling cables is crucial to maintaining connectivity between cabinets and

ensuring the reliable operation of the railway signaling systems.

Figura 2 — Cross-section view of the multiconductor cable and the respective label. Note that
each conductor consists of 7 copper wires.

A multiconductor cable constituted by n conductors, as illustrated in Fig. 1 (b),
can be modeled as n parallel and uniform wires with a reference ground plane. Therefore,
Fig. 3 shows a model for n wires arranged parallel along the z-axis with a reference
ground plane. This model uses per-unit-length (p.u.l.) equivalent circuit elements. Each
conductor has a series resistance (r;), self and mutual inductance (/;;), capacitance

(cij), and conductance (g;;), reflecting the distributed nature of these parameters along
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the line, in which i,j = 1,2,--- ,n. In Fig. 3, the frequency domain representations
of the (input) voltages and currents for each ith conductor at distance z = 0 (i.e., at
the origin) are denoted as Vp;(0) and Iy, (0), respectively, and at a distance Az along
the transmission line, the (output) voltages and currents are represented by Vlyl-(Az)
and I} ;(Az), respectively. Assuming a transverse electromagnetic mode (TEM) wave

propagating through n wires, the following equations apply [29, 30]:

d A A A
—V; (Z) + 71 (Z) =0 (2.1a)
dz
d . NN
—ILi(z2) +YVi(2) =0, (2.1b)
dz

where  Vi(2) = Vi1(2),Vi2(2), -, Via(2)]T  and  1i(2) =

[fl,l(z),fl,z(z), . ,IAl,,,(z)]T, Z=R+ JjwL is the impedance matrix, Y =G+ jwC
is the admittance matrix of a z-length segment. The resistance (R), inductance (L),
capacitance (C), and conductance (G) matrices are also given in p.u.l.. The R, L, C, and

G matrices are known for each segment, and a few comments on them are as follows:

1,(0) rii o 1 I (Az)
1 e»—\\ 4151 g g —o
+ +
VI(O) lin A 112 c12 812 Cin gn  C11 g1 VI(AZ)
Loy  ra o 122 L L L h(Az)
2 @&PB—ANN A11A * >
+ +
‘72 (O) N 12 Con E] 82n (%) g» . ‘72 (AZ)
n e —A\NN —
V (0) n 7 Cn g n f Vn(AZ)
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Az
Figura 3 — The circuit model for a multiconductor constituted by n wires under the presence of a
ground plane reference.
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* Resistance (R) matrix: It represents the resistances of all copper conductors,
which are denoted by 7,,, in a common ground plane with a uniform! resistance
roo- As the frequency increases, the skin effect intensifies, confining the current
to a narrower cross-sectional area of the conductor and consequently leading to a

considerable increase in resistance. It is expressed as

roo+ri roo e ro0
roo roo+ry ... roo
R=| . _ ) Q/m. (2.2)
roo roo oo o0+ Tun

* Inductance (L) matrix: it comprises the inductance of each conductor and the
mutual inductance between the conductors. The geometry of the multiconductor
cable and their environment significantly influence these factors. The inductance

matrix is given by

D) lin
l [ o |

L= "% " " Hm 2.3)
lln l2n lnn

» Capacitance (C) matrix: it covers the capacitance between the conductor and
the reference plane and the capacitance between the conductors themselves. The

capacitance matrix is given by

YioiClk =€z ... —Cln
—C12 XpC2% ... —C2p
c=| k=1 _ F/m. (2.4)
—Cln —C2n <o Zzzl Cnk

* Conductance (G) matrix: it characterizes the conductive properties of the die-
lectric material surrounding the conductors. This account for the leakage current

between the conductors and the ground plane, which is influenced by the quality

' In some cases, it is useful to represent different resistance values, since different cables may
exhibit distinct resistance characteristics.
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and composition of the dielectric material. The conductance matrix is expressed

as
Yie1 81k —&12 ...  —&
G- —(?12 ZZ:'I 82k & —g'zn S/m. 25)
—&1n 8 - Xy &k

In our context, it is advantageous to represent the MTL as a 2n-ports network,
where each wire represents two ports. It facilitates to measure and calculate the characte-
rization parameters for individual segments and, consequently, the design and analysis by
providing a clear framework for understanding signal propagation and crosstalk. Using
the 2n-port network representation, the equations for the k-th cable segment of length

Az is expressed as [31,32]

Vst ((k + 1)Az)
Len ((k+1)A2)

Vi(kAz)
I, (kAzZ)

A

= ®;(Az) , (2.6)

where k = 0,1,2,--- ,K — 1 and ®; (Az) is the chain parameter matrix for the (k + 1)-th
segment. For the segment between z = 0 and 7 = Az, the chain parameter matrix ®((Az)

is given by
Ao B
»Co Dy

cosh(vAz) sinh(yAz)Zca0
sinh(vTA2)Z_),  cosh(yTAz) |’

(A7) =

2.7

where Zc,o € C™" is the characteristic impedance matrix in the frequency domain,

while the v € C™" is propagation constant matrix is obtained using [32]
Zeao =2~y =Y"'4T (2.8a)
~* = (-v)? = ZY. (2.8b)
Based on Z, and ~, the R, L, C, and G matrices are given by R = R{~vZ..0},

L = 53{yZeao} C = $9{Z;! 7}, G = R{Z]} (v}, respectively, where the symbol

R{.} and J{.} are operators to extract real and imaginary components, respectively.
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Additional details about how to measure the characteristic impedance and the propaga-
tion constant for a cable and their implications for cable performance are discussed in

Appendix A.
The corresponding scattering parameter matrix for (2.7) is given by

S S
Sg = [ 0,11 90,12

, 2.9)
So21 So.22

where SO,]] = (A() + B()Z(;1 - ZOC() - D()) (Ao + B()Z(_)1 + ZOC() + Do)_l, SO,12 = 2(A0 +
B()Zg1 + Z,Co + Do)_l, 50721 = 2(A0 + B()Zg1 + Z,Co + D())_l, and So’zz = (—Ao +
BoZ;' — Z,Co + Do) (Ag + BoZ;' + Z,Co + Dy) !, in which Z, € C"™" is the reference
impedance. Now, considering n = 1 or two-port representation in (2.9) and Z.,0 # Zo,

in which Z, is also called the impedance of the port, the scattering matrix is expressed
as [33]

S S
So = o1 Soaz| (2.10)
So21 So.22
_ L (Zfa,o - Zg) sinh(yLca) 2Zca0Zo @2.11)
Dy 2Zca0Zo (22— Z3) sinh(yLea) |

where Dy = 2Zcq0Zo cosh(yLey) + (Z2, ) + ZZ2) sinh(YLca), Lea represents the cable
length. In other words, knowning Z., o, Z,, v, and L., allow us to obtain the scattering

parameters. These parameters can be estimated by using a LCR meter.

Relying on the 2n-port network representation illustrated in Fig. 4, a uniform
conductor of length KAz has a chain parameter matrix given by the product of the
elementary matrices associated with each segment Az. This cascading approach guaran-
tees that the overall behavior is accurately represented by the sequential multiplication

of these matrices. The chain parameter matrix given by

Ag_1 By

(2.12)

from which the scattering matrix Sg can be obtained. Moreover, from (2.12), the

frequency response of an n-wire system can be interpreted as the frequency response of
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Figura 4 — Cascading of multiple chain parameters for a uniform multiconductor.

a multiple-input multiple-output (MIMO) channel, described by [34]:
V(KAz) = Hg (0)V(0), (2.13)

where Hg (w) denotes the voltage transfer function from z = 0 to z = KAz. The
output current is related to the output voltage through the load admittance matrix Yy as
I(KAz) = YLV(KAz). By applying Y1 to (2.12), the frequency response matrix H (w),
which characterizes the voltage transfer characteristics of the multiconductor cable, is

given by [35]:

N . -1
g (w) = (AK_1 +BK_1YL) . (2.14)

In the special case where n = 1 and K = 1, the frequency response H; (w) can be
estimated from (2.11), which requires the use of an LCR meter. Alternatively, ﬁK(w)
can also be obtained directly by injecting and measuring voltage signals at the terminals

of the multiconductor cable.

2.2  PROBLEM FORMULATION

Signaling cables are typically installed using the direct burial method, where
they are placed approximately 60 cm below the surface of the ground. This approach is
widely employed due to its practicality and cost-effectiveness, offering several notable
advantages [11,12,36-38]:

* Economic: Direct burial is often cost-effective for installing cables because it

requires less material (such as conduits) and involves more straightforward ins-
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tallation procedures. Reduces the need for additional protective structures, such
as pipes or tubes, making it cheaper than other methods (e.g., installing cables in

conduits or tunnels).

* Technical: In-place cables are protected from above-ground hazards, such as wind,
rain, snow, and physical impact from vehicles or machinery. Being underground
also protects them from ultraviolet (UV) radiation, which can degrade exposed

cables over time.

However, direct burial of signaling cables presents the following disadvantages
[11,36-39]:

* Moisture and water ingress: The threat of moisture and water ingress represents
a significant challenge to the reliability of buried cables. The gradual penetra-
tion of groundwater, rain, or flooding can compromise the insulation of a cable,
particularly if the protective sheath has sustained microscopic damage or failure.
This process can lead to chemical degradation of the insulation, reducing its di-
electric strength and increasing the risk of short circuits between conductors or
to the ground. Over time, continuous exposure to moisture can result in severe

operational failures, compromising the overall reliability of the system.

* Soil composition and corrosiveness: The composition of the soil surrounding
the buried cable has a significant impact on its durability. Certain types of soil,
such as acidic or alkaline soils, can accelerate the corrosion of the cable’s sheath.
Furthermore, the presence of chemicals or salts in the soil, often found in proximity
to industrial zones or coastal areas, serves to exacerbate the corrosion process. This
deterioration results in a weakening of the mechanical and electrical integrity of

the cable, thereby increasing the likelihood of faults.

* Temperature fluctuations: Extreme variations in temperature, whether high or
low, can cause thermal expansion and contraction of the cable’s materials. Over
time, this cyclical stress can lead to the formation of cracks or fractures in the
insulation and protective layers. In regions with warmer climates, excessive heat
may degrade the insulation’s material properties, while in colder environments,

freezing conditions may exacerbate mechanical vulnerabilities.
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* Rodent and insect activity: Burrowing animals, such as rodents, or certain types
of insects, have the potential to cause physical damage to buried cables by chewing
through their insulation. This behavior exposes the conductors, which can result
in an increased risk of short circuits or signal interference. In order to prevent
such activity, it is often necessary to implement protective measures, such as the

use of rodent-resistant cable designs.

* Vibration from nearby infrastructure: Cables situated in close proximity to
operational infrastructure, such as railways or industrial facilities, are susceptible
to persistent ground vibrations. These vibrations, generated by heavy machinery or
train movements, can potentially compromise the structural integrity of the cable
over time by inducing mechanical stress. Prolonged exposure to such vibrations
may result in the loosening of joints, insulation damage, or even fractures in the

cable.

* Plant root growth: The expansion of tree roots and other large plants in the
vicinity of buried cables can result in mechanical pressure being exerted on the
cable. Roots may encircle or penetrate the cable, causing damage to its sheath and
insulation. Over time, this stress can lead to ruptures or deformation, which may

compromise the cable’s operational performance.

* Crushing and puncture damage: Cables that are buried directly in the ground
are susceptible to damage from heavy objects or equipment that is operating on the
surface. Compression forces exerted by machinery or the weight of vehicles can
deform and weaken the cable’s insulation and protective layers. Similarly, sharp
objects, such as excavation tools, can puncture the cable during maintenance or

construction activities, resulting in permanent damage to the conductors.

The disadvantages associated with the direct burial of signaling cables can lead
to the following problem [11,36-39]:

* Degradation of cable sheathing: Deterioration of the outer sheath of the cable
decreases its ability to protect internal components from external influences such

as moisture, chemicals, and mechanical stress. Over time, this can result in the
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exposure of the conductors, increasing the probability of short circuits to the
ground. Such failures not only diminish the system’s reliability but also pose
considerable safety risks, particularly in high-voltage or critical communication

applications.

* Insulation degradation between conductors: The deterioration of the insulation
material between conductors can markedly enhance crosstalk and Electromagnetic
Interference (EMI). This deterioration leads to signal distortion and an increased
likelihood of short circuits between adjacent conductors, which can disrupt data
transmission and compromise the system’s overall functionality. It is of paramount
importance to detect and replace degraded insulation at the earliest opportunity to

maintain performance.

* Conductors breakage: The physical breakage of conductors, caused by mecha-
nical stress, corrosion, or material fatigue, results in a complete loss of electrical
continuity. This failure causes total communication disruption and can severely
impact signaling operations in critical systems, such as railways or industrial auto-
mation. Therefore, it is essential to implement effective monitoring and preventive

maintenance procedures to mitigate the risks of conductor breakage.

A critical aspect of these problems is their progressive severity over time, making
it crucial to determine the location of cable degradation for prompt repairs accurately.
For instance, Fig. 5 shows workers digging a trench to locate the specific degradation
site. Repair processes can be effectively expedited if the condition of the buried mul-
ticonductor cables used by the railway signaling system is consistently monitored and

documented, enabling faster intervention by a railway company’s maintenance team.

To develop a monitoring solution capable of continuously informing about the
physical conditions of multiconductor cables, it is necessary to devise suitable mode-
ling and measurement methods and carry out numerical simulations and measurement
campaigns. Providing a dynamic characterization of these multiconductor cables, the
numerical simulations and measurement campaigns offer the conditions for extracting
a set of features, from which the health of multiconductor cables can be inferred using

a low-cost and less complex solution. According to the literature, the MTL theory is



31

considered the most suitable for modeling multiconductor cables [24,29,40,41]. In this

sense, the following research questions are addressed in this study:

e Is it possible to obtain a good agreement between the numerical results obtained
from the MTL-based model and measurements? How do scattering parameters,
NEXT and FEXT frequency responses, and characteristic impedance behave in

the frequency domain?

* How is the propagation of electric signals through these multiconductor cables and
the power spectral density (PSD) of the additive noise? Is it possible to observe
channel gains that allow us to transmit low-power electric signals through these

cables if we are interested in using them for data and sensing purposes?

Figura 5 — Workers digging to repair railway signaling cables

Chapter 3 focuses on the experimental setups designed to subsidize technical
answers for the posed research questions.
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3 MEASUREMENT SETUP

This chapter details the configuration of three different experimental setups used
to assess the behavior of a L.,-length multiconductor named WirexControl V70P BFTC-
1 kV, see detailed specification in datasheet [28], and widely employed in Brazilian
railway signaling systems. This multiconductor cable is constituted by 12 conductors and,
with a total diameter of D = 18.5 mm, each conductor with a diameter of d = 1.5 mm.
The experimental setup #1 is exclusively dedicated to measuring the characteristic im-
pedance of the multiconductor cable, thereby ensuring an accurate understanding of its
electrical properties. The experimental setup #2 focuses on characterizing the n = 1
wire in multiconductor cable using scattering parameters, providing information on a
its reflection and transmission properties. Lastly, the experimental setup #3 is designed
to inject and capture voltage and current measurements in the time domain, offering a
comprehensive analysis of the signal propagation behavior through conductors in the

multiconductor cable.

This chapter is organized as follows: Section 3.1 details the experimental setup
#1 for measuring the characteristic impedance, Section 3.2 focuses on the evaluation of
the scattering parameters with experimental setup #2, and Section 3.3 covers the voltage

and current measurements in the time domain with experimental setup #3.

3.1 EXPERIMENTAL SETUP #1

The experimental setup #1 is used to measure the characteristic impedance of a
single conductor in a multiconductor cable. As depicted in Fig. 6, it employs a dedicated
impedance measuring instrument, namely LCR meter, which is used to measure the
inductance, capacitance, and resistance of passive components. A multiconductor cable
segment of L., m is used to estimate the characteristic impedance. The value of the
characteristic impedance for this conductor segment is given by Zcao = VZocZsc [42],
in which Z,. and Z are called open-circuit impedance and short-circuit impedance.
The open-circuit impedance measurement is conducted by connecting the terminals
of a pair of conductors to an LCR meter while leaving the opposite terminals open,
allowing the LCR meter to estimate Z,.. The short-circuit impedance measurement is

performed by shorting the terminals on the opposite side while using the LCR meter to
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estimate Zs.. We also used the experimental setup #1 to estimate propagation constant
(y). Consequently, we estimate Sg given by (2.11). Additional details about how to
measure the characteristic impedance and the propagation constant for a cable and their

implications for cable performance are discussed in Appendix A.

LCR meter

O 00 00

-7 Short

Figura 6 — Anillustration of the experimental setup #1 for measuring the characteristic impedance
and propagation constant in a conductor of a multiconductor cable.

3.2 EXPERIMENTAL SETUP #2

Building upon the theoretical framework presented in Section 2, the behavior
between two conductors in a multiconductor cable can be analyzed by concatenating
shorter segments, allowing its characterization in terms of the transmission matrix
parameters Ag_1, Bx_1, Cx_1, and Dg_;. For this experiment, we consider a segment
of L., = 1 m. To do so, we considered the experimental setup #2, illustrated in Fig. 7, to
characterize a conductor in a multiconductor cable concerning its scattering parameters
(S0.11, So0.12, So.21, and So22), as well as NEXT and FEXT frequency responses. We
obtain the direct frequency response based on the knowledge of Sp 12 or Sp21 as we
ensured that the impedance of the connected devices at both ends of the conductor is
50 Q. The experimental setup #2 considers a segment of the multiconductor cable,
designated as device under test (DUT), as illustrated in Fig 7. The multiconductor is
straight and uniformly positioned above a common reference plane. A vector network

analyser (VNA), powered by a line impedance stabilization network (LISN) device,
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measures scattering parameters, NEXT, and FEXT frequency responses of the DUT,
with all other port terminated (i.e., connected to a 50 € load reference grounded).
The use of LISN ensures minimal interference from electric power grid disturbances,
effectively reducing unwanted noise during measurements. Note that the NEXT is
measured when one port of the VNA is connected to the termination of one conductor
and the other port is connected to the termination of a different conductor on the same
side of the cable. In contrast, the FEXT is measured when one port of the VNA is
connected to the termination of one conductor and the other port is connected to the
termination of a different conductor on the opposite side of the cable. NEXT and FEXT,
which are two types of crosstalk, are obtained from Sp 12 or Sp21.

VNA
LISN

o
o0
[==]
° @ ° mmomm Eé H-

00000000
00000000

Port #1 K 3 Port #2

Ground plane

Figura 7 — An illustration of the experimental setup #2 for measuring scattering parameters,
NEXT and FEXT frequency responses of a conductor of a multiconductor cable.

3.3 EXPERIMENTAL SETUP #3

The experimental setup #3 is designed to measure the signal attenuation and
the PSD of additive noise in a conductor of a multiconductor cable of length L.,, both
in a laboratory setting and in the field. Based on the electric signals obtained from
both terminals, the measurements account for a cable length of L., m and a frequency
range from fiower tO fupper MHz. Applying the Fourier transform to the measured
electric signals provides estimates of the magnitude of the frequency response. The

experimental setup #3 is divided into two sections, transmitter (Tx) and receiver (Rx),
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as shown in Fig. 8. The Tx section comprises an arbitrary waveform generator and an
oscilloscope connected to the signal conditioning unit (SCU), which is in turn connected
to three distinct conductors of the cable. The waveform generator produces test signals,
the oscilloscope monitors the conformity of the generated test signals, and the SCU
conditions and distributes these signals across three distinct conductors at one end of the
multiconductor cable. At the opposite end of the multiconductor cable, the Rx section
consists of SCU, which conditions the sensed test signal, and an oscilloscope, which
monitors and stores the the test signal sensed by three conductors of the L ,-length

multiconductor cable.

Oscilloscope
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Figura 8 — An illustration of the experimental setup #3 for measuring the signal propagation and
additive noise in a conductor of a multiconductor cable.
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The SCU appropriately conditions both the injected electric signals into the

conductor and the extracted signals from the conductor, ensuring accurate measurements.

In addition, a proper grounding technique is implemented to shield the multiconductor

cable. The circuit schematic of the SCU is shown in Fig. 9, and the parameters of its

components are detailed in Table 2. Note that the SCU fulfills the following requirements

and specifications:

* The SCU supports up to three conductor channels operating in parallel at the
same printed circuit board (PCB), allowing simultaneous voltage and current
measurements in the multiconductor cable. A virtual ground mimics a balanced
three-phase system by injecting three sinusoidal signals generated by the arbitrary
waveform with equal amplitude but with a phase shift of 120°. This configuration

setup reduces interference during measurements.

The current is measured using a shunt resistor (R7), which generates a voltage drop
proportional to the current flow. This voltage signal is then amplified by the LM358
integrated circuit (CI) [43] circuit to ensure accurate readings. The amplified
voltage levels are accessible via the designated bayonet neill-concelman (BNC)
port for current measurement (i(¢)). Furthermore, the cable voltage is monitored
through separate BNC ports (v(7) and v4(?)), allowing direct observation of the

cable voltage or the input voltage generation.

* The SCU employs a high-pass filter, composed of resistors (R9) and capacitor (C2),
with a cutoff frequency of 93 Hz, experimentally obtained using the experimental
setup #3 showed in Fig. 8. This analog filters out direct current (DC) components,
allowing only the alternating current (AC) signals to be transmitted for accurate
analysis. This ensures precise measurements by eliminating potential DC offsets
provided by the track circuit.

* The SCU incorporates surge protection devices (SPD) to safeguard the circuit
against power surges, overvoltage, and overcurrent conditions. Zener diodes (D1
to D4), arranged in a clamping configuration, limit the voltage across the conductor
input by shunting excessive transient voltages to ground whenever the voltage

exceeds the Zener breakdown threshold. This ensures overvoltage protection for
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the sensitive measurement circuitry. Additionally, fuse (F1), rated at 100 mA,
provides overcurrent protection by interrupting the current path in the event of

excessive current flow, thereby preventing potential damage to the SCU.

Lastly, the 3D design and prototype of the SCU with dimensions 90 X 70 mm

are shown in Fig. 10.
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Figura 9 — The circuit schematic for the SCU.

Chapter 4 details the measurement campaign carried out in laboratory and field

environments.
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Component Value
Cl 1 uF
Cc2 17 uF
C3 1 pF

D1 and D2 13V
D3 and D4 3.6V
R1,R2,and R3 | 90.9 kQ

R4 0 kQ
RS5 and R6 348 kQ
R7 1Q
R8 100 kQ
R9 100
F1 100 mA
CI LM358

Tabela 2 — Information about the components used in the SCU.
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Figura 10 — Top and bottom views of the 3D design and prototype of the SCU (dimension 90 x 70
mm). (a) Top layer view of the 3D design. (b) Top layer view of the prototype. (c)
Bottom layer view of the 3D design. (d) Bottom layer view of the prototype.
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4 MEASUREMENT CAMPAIGN

This chapter describes a two-stage measurement campaign to investigate the
behavior of a conductor in a multiconductor cable. The first stage was conducted in
the Communications Laboratory (LCom) at Federal University of Juiz de Fora (UFJF)
to validate the technical feasibility and accuracy of the experimental setups #1, #2, and
#3, see Subsection 4.1. In the second stage, detailed in Subsection 4.2, a measurement
campaign based on the experimental setup #3 was carried out in a segment of the
railway signaling system owned by MRS Logistica S.A., in Juiz de Fora city, Minas
Gerais state, Brazil. Moreover, fiower = 20 Hz and fhigher = 2 MHz. The value of
the lower-frequency edge is due to the limitations of the used equipment, while the
value of the upper-frequency edge is chosen because the purpose is to characterize the

multiconductor cable up to 2 MHz.

This chapter is organized as follows: Section 4.1 describes the laboratory mea-
surement campaign, detailing the methodologies, setups, and instruments used to cha-
racterize the multiconductor cable under controlled conditions. Section 4.2 outlines the

field measurement campaign conducted in a railway company site.

4.1 LABORATORY CAMPAIGN

To carry out the measurement campaign in the LCom, an L, = 10> m segment
(i.e., Az =1 mand k = 10%) of the multiconductor cable was extended across the UFJF
campus, with its ends remaining inside the LCom. The cable was supplied as a spool
that complies with the Brazilian standards for transport and cable spooling [44—46], as
illustrated in Fig. 11. Using the experimental setup #1, estimates of the characteristic
impedance were measured with the LCR meter E4980A from Keysight [42], as illustrated
in Fig. 12, in the frequency range from fiower Hz up to fupper Hz, with the equipment set
to measure 201 points.

In the sequel, the experimental setup #3 was applied to measure electrical signals
at the ends of the L., = 10° m segment (i.e., Az = 1 mand k = 10%) of the multicon-
ductor cable, as shown in Fig. 12. The three conductors located in the center of the

multiconductor cable were used. In the Tx section, three arbitrary waveform generators
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Figura 11 — The multiconductor spool with 1000 m used in the laboratory measurement cam-
paign.

FY8300S [47] inject 120° phase-shifted sinusoidal signals into the three conductors, and
three Agilent DSO-X 2002A oscilloscopes [48] monitor the voltage and current signals
injected into the three conductors. In the Rx section, a four-channel R&S RTE1204
[49] oscilloscope and a two-channel R&S RTH1002 [50] oscilloscope are deployed to
capture the waveforms of voltage and current signals. Moreover, the SCUs in both Tx

and Rx blocks are individually powered by a symmetrical 12 Vpc power supply.

Lastly, the experimental setup #2 was used to measure some quantities of an
Lco = 1 m segment (i.e., Az = 1 m and K = 1) of the multiconductor cable, which
is placed on a reference ground plane surface and connected to the VNA, as shown
in Fig. 13. The VNA used is the Agilent ESO61B [51], calibrated to measure in the
frequency range between fiower Hz and  fypper Hz. The VNA was power supplied by the
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Figura 12 — Photo of the experimental setups #1 and #3 in the laboratory facility.

LISN ENV216 from R&S [52] to prevent noise from the mains network from interfering
with the crosstalk measurements. When the VNA ports are connected to the same
conductor, which is a reciprocal network, the measurement of the magnitude of So2;
or Sp,12 scattering parameter represents estimates of the direct frequency responses of
a L¢,-length segment of a conductor in the multiconductor cable. The NEXT crosstalk
is measured by connecting the VNA ports to different conductors on the same side
and matching a 50 Q termination. In contrast, the FEXT crosstalk is estimated by
connecting it to conductors on opposite sides. For comparison purposes, a digital twin
of measurement setup #2 was implemented and simulated in the CST Studio Suite
software [53], which incorporates the MTL theory equations within a framework for

cable simulation.

4.2 FIELD MEASUREMENT CAMPAIGN

The field measurement campaign was conducted in the railway signaling system
of MRS Logistica S.A. in Juiz de Fora, Minas Gerais, Brazil. This campaign assessed
the influence of the soil because the multiconductor cable is installed underground
along the edge of the railway line. This measurement campaign enables us to verify
the feasibility of monitoring multiconductor cable degradation by injecting electrical
signals without interfering with the railway signaling system’s operation. In this sense,

the measurement campaign was carried out under typical operational conditions in a



Figura 13 — Photo of the experimental setup #2 in the laboratory facility.

railway (e.g., with and without the train and wagon composition passing through the
segment) when the experimental setups #1 and #3 were used. Fig. 14 shows three photos
of the field measurement campaign. Note that the considered distance between the Tx
and Rx devices is L,. = 1.150 m (i.e., Az = 1 m and K = 1.150) because it refers to the
distance between two cabinets with railway signaling equipment in a real railway, and
the multiconductor cables are applied to connect them. This distance is slightly more
extended than the length considered in the measurement campaign at the laboratory
facility. The injection of electric signals based on the experimental setup #3 applied to
estimate the frequency response considered 21 sinusoidal signals with frequencies that
are logarithmically spaced in the frequency range between fiower Hz and fupper Hz. In
the sequel, an interpolation technique is applied to estimate the magnitude of the direct
frequency response based on the information obtained by injecting 21 electric signals

with sinusoidal waveforms and exponentially increasing frequencies.

Chapter 5 presents an analysis and discussion of the data collected in the labora-

tory and in the field.
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Figura 14 — Photos of the experimental setup #3 used in the field. The railway signaling system
belonging to MRS Logistica S.A. (a) Tx section, (b) Rx section, and (c) a segment
of the railway signaling systems in Juiz de Fora city.
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5 NUMERICAL RESULTS

This chapter presents the numerical results obtained with the experimental se-
tups. All results from numerical simulation were obtained using the framework for
cable simulation present in CST Studio Suite, where the electric parameters of the mul-
ticonductor cable, measured with an LCR meter, were used as inputs. Accordingly,
Subsections 5.2, 5.1, and 5.3 present the results obtained with experimental setups #1,
#2, and #3, respectively. For all numerical simulation and measurement campaigns, the

adopted frequencies are fiower = 20 Hz and fypper = 2 MHz, in agreement with Section 4.

This chapter is organized as follows: Section 5.1 presents the characteristic im-
pedance results obtained with setup #1. Section 5.2 focuses on the scattering parameters
and crosstalk analysis using setup #2. Section 5.3 details the transfer function and addi-
tive noise analysis using setup #3. Finally, the section 5.4 summarizes the main findings

and insights derived from the simulations and measurement campaigns.

5.1 NUMERICAL RESULTS WITH SETUP #1

Fig. 15 illustrates the magnitude and phase of the characteristic impedance
obtained through numerical simulations performed using CST Studio Suite software, as
well as from measurement campaigns conducted in the Communications Laboratory at
UFJF (LCom) and in the field (a railway yard). The measurement results from both the

LCom and field environments were acquired using an experimental setup #1.

The magnitudes of the characteristic impedance obtained in the measurement
campaigns in the LCom and field, as shown in Fig. 15(a), agree across the entire
frequency band, something that cannot be stated for the simulation results. Specifically,
for frequencies below 1 kHz, the difference between the magnitudes of the simulation
and measurement results increases as the frequency approaches fiower Hz. Such a
difference is due to a high-pass analog filter, which blocks the DC signal used by the
railway signaling system. In contrast, the simulation and measurement magnitude results
align for frequencies above 1 kHz. Moreover, the magnitudes of both simulation and
measurement results converge to 85 Q for frequencies above 1kHz. Furthermore, a

zoomed-in view illustrated in Fig. 15(a) shows a slight variation around 85 Q.
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Figura 15 — Comparison of the characteristic impedance of a conductor in the multiconductor
cable, obtained from numerical simulation and laboratory measurement.
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Analyzing the phase of the characteristic impedance values, the curves in
Fig. 15(b) show the results obtained with numerical simulations and measurements
in the LCom and field. Note that the simulation and measurement results agree for the
frequencies between fiower Hz and 1 kHz and differ between 1 kHz and 100 kHz. Also,
the simulation and LCom measurement results agree for the frequencies from 100 kHz
up to fupper- The phase of the characteristic impedance in Fig. 15(b) shows a predo-
minantly capacitive behavior below 1 kHz, with values close to —40°. As frequency
increases from 1 kHz to 100 kHz, the phase progressively rises toward 0°, indicating a
transition to resistive behavior. Above 100 kHz, the phase becomes positive, reaching
up to +20°, consistent with the presence of inductive loads in the railway signaling line,
which becomes more significant at higher frequencies. These trends are consistently ob-
served in both simulation and measurement data, though some dispersion is noticeable

in field measurements beyond 300 kHz.

5.2 NUMERICAL RESULTS WITH SETUP #2

The simulation and measurement results of the magnitude of scattering parame-
ters So.11and So21 (|So.11| and [So21|) between two conductors of the multiconductor
cable are shown in Fig. 16 when L., = 1 m and the frequency bandwidth is between
Siower Hz and fupper Hz. The magnitude of scattering parameters So 1 is below —30 dB
up to 1 MHz in most frequencies. The comparative analysis of the magnitude of the
scattering parameter So 11 shows a difference of ~ 6 dB between the simulation and
measurement results. Additionally, measurement results indicate some randomness in
frequencies up to 500 Hz, generated by the VNA, suggesting that the presence of the
LISN does not eliminate the inference from the electric power grid. Overall, there is a
reasonable agreement between the simulation and measurement results. Furthermore,
the comparative analysis between simulation and measurement results of the magnitude
of the scattering parameter So2; shows excellent agreement with a slight difference for
frequencies above 300 kHz. In addition, the magnitude curves of the scattering para-
meter curve So2; provided by the simulation and measurement results confirm that the

signal attenuation is irrelevant for frequencies up to fupper Hz.

To analyze the crosstalk between the conductors, Fig. 17 shows the FEXT and
NEXT results obtained with simulation and measurement FEXT and NEXT. Note that
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the FEXT crosstalk is a few dB lower than the NEXT, and both exponentially increase as
the frequency increases. In addition, there is good agreement between the measurement
and simulation results when the frequency is over 10 kHz. Moreover, the noise floor
of the VNA imposes an increasing difference between the measurement and simulation
results when the considered frequency is lower than 10 kHz because the level of these
crosstalks becomes lower than the noise floor of the VNA. Moreover, as the frequency
exceeds 1 MHz, both types of crosstalk become significantly more relevant, and the
influence of the additive noise becomes negligible.

We noted that a L., = 1 m conductor in a multiconductor cable offers a solid
characterization for modeling and performing numerical simulations based on the MTL
theory in the CST Studio Suite software. In most cases, there is excellent agreement
between the results obtained from the numerical simulations and the measurement
campaigns. We also noted that the discrepancies between numerical simulations and
measurement campaigns are mainly attributed to precautionary measures implemented

in the measurement setup to avoid interference with the legacy railway signaling system.
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Figura 16 — Comparison between numerical results obtained from simulation and measurement
in the laboratory facility for the magnitudes of the scattering parameters: So.11, So,12,
So,21, and Sp 22.
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Figura 17 — Comparison between crosstalk magnitudes obtained from simulation and laboratory

measurements: (a) FEXT and (b) NEXT.

5.3 NUMERICAL RESULTS WITH SETUP #3

The results obtained from the numerical simulations, as well as from the mea-

surement campaigns conducted in the LCom and field using the experimental setup #3,

for the magnitude of the direct frequency response of the L., = 1,000 m conductor in

the multiconductor cable, are shown in Fig. 18. The magnitudes of the direct frequency

responses associated with the measurement campaigns were obtained by averaging con-

secutive estimates of the magnitude to reduce noise in the measurement. Note that the

measurement results obtained in the LCom and field differ slightly in the frequency
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range between 300 kHz and fypper Hz. Regarding the simulation results, for frequencies
between fiower Hz and 100 Hz, the difference from the measurement results reduces to
0 dB. Note that the difference in 10 dB at fiower Hz is due to the presence of a high-pass
analog filter in the experimental setup #3, which filters out or blocks the DC signal
from the railway signaling system, thereby reducing interference with the legacy system.
Overall, attenuation at higher frequencies is attributed to the inherent low-pass nature of
the multiconductor cable, resulting in increased attenuation as the frequency increases.

Attenuation lower than 3 dB is observed when the frequency is below 100 kHz.

Considering the frequency bandwidth of B = 100 kHz, the length of multicon-
ductor cables used in railway signaling systems is between 1 km and 3 km, and the
copper is used in the conductors (e, = 2.25), then the spatial resolution of TDR and

frequency-domain reflectometry (FDR) for localizing faults is

c

T 2ByE
= 1 km, (5.1)

Ad

In which c is the speed of light. The accurate characterization of multiconductor cables
carried out in this thesis shows that neither TDR nor FDR is practical for detecting their
degradation. For example, to achieve a spatial resolution better than 10 m (Ad < 10 m),
which is a target set by the railway company to expedite maintenance once a cable
fault is detected, would require a bandwidth of at least B > 10 MHz, which may not be
technically feasible when the results shown in Fig. 18 is considered because a remarkable
part of the spectrum for f > 100 kHz of the sensing signal used by TDR and FDR will be
severely attenuation by the conductor. Note that for the frequencies beyond f > 100 kHz
the PSD of the additive noise also reduces similar to the attenuation and, consequently,
the use of sofisticated hardware is demanded for dealing with with signal with a very-low

power.

Figure 19 shows the PSD of the additive noise measured in the field. The PSD
was estimated using the Welch method[54]. In the frequency range between fiower Hz
and 100 kHz, the PSD reaches levels around —80 dBmV?/Hz. This elevated PSD is
attributed to the railway signaling system, which operates with DC signals. As frequency

increases, the magnitude of the PSD drops significantly, reaching an average value of
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Figura 18 — Magnitude of the direct frequency response of a conductor: comparison between
numerical results obtained through simulation and measurements conducted in the
laboratory facility and in the field.

approximately —105 dBmV?/Hz. In other words, a low-power electric signal can be

used for both sensing and data communication.

Measurement campaigns conducted along a L., = 10° m segment of the multi-
conductor cable indicate that the channel gain exceeds 105 dB across the entire frequency
band. When combined with the low PSD levels of the additive noise, these results sup-
port the conclusion that low-power electric signals can be effectively employed for both
data communication and sensing applications. For instance, let’s consider a frequency
bandwidth of B = 100 kHz, a transmitted signal power of 23 dBmW, and a frequency
response attenuation of 2 dB, and PSD of the additive noise equal to —80 dBmV?/Hz.
The signal-to-noise ratio is = 51 dB, which is interesting for cable sensing. Moreover,
the achievable data rate is equal to ~ 1.69 Mbps, which is useful as a secondary data
communication channel for railway signaling systems because the achievable data rate is
more than enough for railway signaling demands, and the use of low transmission power
results in irrelevant interference with legacy railway signaling systems. Note that the
frequency over f > 100 kHz can also be used for data communication purpose because
the attenuation and the PSD of the additive noise reduces; however, it will demand more

elaborate hardware to deal with the reception of low-power signals.
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54 GENERAL COMMENTS

First of all, the MTL theory in the frequency domain can effectively model the
multiconductor cables used in railway signaling systems, provided the cable parameters
are accurately extracted and applied in the model. The detailed experimental setups
are also instrumental in carrying out measurement campaigns in laboratory and field

environments.

For the frequency range between 20 Hz and 2 MHz, in most cases, there is
excellent agreement between the results obtained from numerical simulations and those
from measurement campaigns. When discrepancies arise between the results from
numerical simulations and measurement campaigns, they primarily stem from the need
to design experimental setups that do not interfere with legacy systems (i.e., the railway

signaling system) and from interference originating in the railway signaling system itself.

Overall, the results from both numerical simulations and measurement cam-
paigns showed the feasibility of using low-power electrical signals for sensing physical
degradation and supporting data communication over multiconductor cables in railway
signaling systems. Furthermore, exploring the dynamics of scattering parameters, cros-
stalk frequency response, characteristic impedance, and additive noise represents a

promising avenue for predicting the physical degradation of multiconductor cables.

The conclusion of this thesis is presented in Chapter 6.
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6 CONCLUSION

This thesis has studied the measurement and characterization of multiconductor
cables used in railway signaling systems in the frequency band between 20 Hz and
2 MHz. Relying on the MTL theory in the frequency domain, the multiconductor cable
was modeled as n wires in parallel to derive the appropriate equations for obtaining
characteristic impedance, scattering parameters, crosstalk (NEXT and FEXT) and direct
channel frequency responses. Also, itdiscussed three simulation setups for measuring the
characteristic impedance, scattering parameters, NEXT and FEXT frequency responses,
and the waveform of electric signals and additive noise of a multiconductor cable in
both the laboratory and the field. Moreover, it presented results related to numerical
simulations performed by CST Studio Suite software and measurement campaigns based
on the three experimental setups. A comparison between the results obtained from these
numerical simulations and those from the measurement campaigns carried out in the

laboratory and the field provided valuable insights.

The measurement campaign of the L., = 1 m multiconductor cable offers a solid
characterization for modeling and performing numerical simulations based on the MTL
theory. In most cases, there is excellent agreement between the results obtained from the
numerical simulations and the measurement campaigns. Some differences arise due to
constraints related to the implementation of experimental setups and limitations of the
equipment used. Overall, numerical simulations relying on MTL theory are valuable
for analyzing multiconductor cables in railway signaling systems, provided the cable
parameters are correctly determined. Indeed, there is a strong correlation between the
results from the numerical simulations and those from the measurement campaigns.
Moreover, measurement campaigns using L, = 10° m show that signal attenuation is
low, and the additive noise exhibits a PSD that facilitates analyzing the waveform of

electric signals transmitted through the multiconductor cables for monitoring purposes.

The agreement between simulated and measured data confirm the usefulness
of both modeling and experiments in laboratory and in the field for allowing the use
of the CST Studio Suite software for performing numerical analysis of multiconductor
cable. Furthermore, this alignment underlines its applicability to real-world railway

environments and its effectiveness in delivering accurate insights into multiconductor
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cable performance under diverse conditions.

Considering the low level of attenuation for the frequency bandwidth between
0 and 100 kHz, this investigation concludes that in this frequency bandwidth both data
communication and cable sensing can be effectively achieved using low-power electric
signals and, consequently, without interference in legacy railway signaling systems.
Moreover, the high level of attenuation in the signal propagation when its frequency
content is over 100 kHz suggests that time- and frequency-based reflectometry techniques

may not be feasible.

6.1 FUTURE WORK

Future work involves expanding the scope of the measurement campaign to
encompass all conductors in the multiconductor cable and, consequently, constructing a
comprehensive dataset covering faults and degradation patterns. The analysis of these
dataset will allow to come up with a set of features that are really relevant for monitoring
the degradation of multiconductor cables. Consequently, it will be feasible to use
machine learning (ML)-based algorithms for predicting degradation and informing its
type of degradation early fault detection and localization. These efforts are expected to
enhance the long-term reliability and safety of railway signaling systems by allowing

continuous, non-invasive assessment of multiconductor cable integrity.
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Appendix A - MEASUREMENT IMPEDANCE CHARACTERISTIC AND
PROPAGATION CONSTANT WITH LCR METER

Determining the characteristic impedance, denoted as Z., o, and propagation
constants, represented by the =, is a fundamental step in the evaluation of cable perfor-
mance [55]. This appendix provides a methodology for measuring and obtaining these
parameters with the precision LCR meter manufactured by the Keysight model E4980A
[42].

The measurement process commences with the connection of the cable under
examination to the high and low terminals of the test fixture. The high terminal is
attached to the outer conductor of the cable, thus minimizing the effects of noise, which
is a crucial consideration when testing long cable sections, as illustrated in Fig. 6. To
determine the characteristic impedance and propagation constants, measurements are

conducted using the open-short method. Following this procedure:

1. Open Measurement: The far end of the cable is left open, creating an open-circuit
condition. The LCR meter measures the impedance Z,. across the cable at the

desired frequencies.

2. Short Measurement: The far end of the cable is then short-circuited, creating
a closed-circuit condition. The LCR meter measures the impedance Z in this

configuration.

In light of the deduction mentioned above, the characteristic impedance Z;, o can

be expressed in terms of magnitude and phase as follows [56]:

an,O = VZOCZSC (Q) (Ala)
0 0
o= % (deg). (A.1b)

The propagation constant, -y, is represented in its complex form as v = o + 3,

where « is the attenuation constant and 3 is the phase constant. These parameters are
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fundamental for analyzing wave propagation in transmission lines, including multicon-
ductor cables commonly used in railway systems. They characterize signal behavior
along the cable, accounting for factors such as resistance, reactance, and cable length,
denoted as L (in meters). The attenuation constant (o) and the phase constant (3) are

given by [42]

1 (1+R)2+ X7
a=—1In 5 | % 8.6859 (dB/m) (A.2a)
2L (1 -Rp)?+X;
_ 1 Ry +1 Ry -1
B = oL (n arctan( X, ) + arctan( X )) (rad/m). (A.2b)

The quantities Ry and X, correspond, respectively, to the real and imaginary components
of the normalized impedance ratio. Both are expressed in neper per meter (Np/m)! and

expressed as

Z O — 0
Ry = | Zsc| cos( X OC) (Np/m) (A.3a)
| Zoc| 2

Z Osc — 6
Xk = 1Zscl sin( = OC) (Np/m). (A.3b)
| Zocl 2

"' 1 Np = 8.6859dB
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