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Abstract

In an increasingly connected world, where optical ber networks dominate as a
reliable communication medium, the possibility to sense environmental vibrations
using the already deployed infrastructure represents a crucial and cost-eective
feature that could revolutionize the way ber infrastructures are conceived, shifting
them from passive transport systems to active and responsive networks, opening
new areas of application for Telco operators. This research area has been active
since the last decade in both academic and private sectors, and continues to rene
its methods in order to achieve this ambitious goal. Telco operators have already
eld-trialed optical sensing solutions in transoceanic submarine links (for instance
to detect earthquakes and tsunamis) and are now considering extending optical
sensing also in terrestrial networks.

In this context, my Master’s Thesis at POLITO investigated the feasibility of
coexisting, on the same deployed telco ber, a Distributed Fiber Optic Sensing
(DFOS) system based on Distributed Acoustic Sensing (DAS) using chirped pulses,
alongside high-speed Dense Wavelength Division Multiplexing (DWDM) coherent
communication channels for data transmission. In particular, the main focus was
to study the impact of high peak power DAS pulses on the performance of data
transmission channels, considering both channels and pulses in forward propagation
in the ber. The key physical layer issue in this context is the nonlinearity induced
by the strong peak power DAS pulse on the propagation of the DWDM channels.
Some metrics used to evaluate these performance are based on SNR estimation,
BER evaluation in time and on-average, and OSNR penalties both on worst-case
and on-average cases.

A time-domain simulator developed in MATLAB was used, incorporating an
accurate ber propagation numerical software. This module solves the Nonlinear
Schrödinger Equation (NLSE) using the Split-Step Fourier method, allowing reliable
simulations of the real ber propagation eects. Particularly, the most relevant
impairment observed on the DWDM data channels is driven by Kerr nonlinearity,
boosted by the high peak power DAS signals. This represents the primary physical
layer limitation of the system. The simulator oers a controlled and safe environment
to test lots of parameters for each simulated object. Several of them were actually
handled to determine the operational boundaries for the system. Specically, at
the transmitter side, PM-QAM modulations formats were considered, in line with
modern transceivers. Channel spacing and central frequencies were set according to
ITU-T grid. The DAS pulse peak power was modeled based on real amplication
chain applied in real experiments at POLITO, including pulse shaping and chirping



bandwidth. At the receiver, well-known adaptive equalizer algorithms were tested
under dierent parameter settings.

The nal outcome of this study is a set of designing rules for which coexistence
of DFOS based on DAS pulses and DWDM channels is possible, in co-propagation
scenario, such as maximum DAS peak power that still generates negligible penalty
on DWDM data, considering pre-FEC modern thresholds. Numerical results
obtained in my Master’s Thesis work conrmed the trends that the PhotoNext
researchers obtained in laboratory experimental measurements on the same scenario.

Interestingly, my Master’s Thesis work is inserted in a larger research activity
carried out at the POLITO Inter-Departmental Center for Photonic technologies
“PhotoNext” (under the supervision of Prof. R. Gaudino). The remarkable research
done by his group has recently attracted attention by the ITU-T Working Group,
which is currently working on the denition of the standard for the coexistence of
DAS signals and telecom data on the same optical ber. Preliminary indications
are reported in [1], supporting the strong interest of the community on the topic.
My work aimed to extend and validate the experimental results already obtained.
Latest results, including some of mine, were inserted in the paper “Coexistence
between coherent DWDM transmission and DAS on the same ber” [2], accepted
for publications at the International Conference on Transparent Optical Networks
(ICTON2026, Prague, 12-16 July 2026, see https://icton2026.ufe.cz/en/about/).
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Chapter 1

Introduction

Since early research in the 1960s, optical bers have proven to be an excellent
waveguide for optical signals [3]. Today, they form the backbone of high-performance
networks, from data-center interconnects to terrestrial and trans-oceanic links. In
parallel, optical ber sensing is a eld that has been explored since the 1970s, with
dozens of applications that emerged over the years thanks to advances in hardware.
Early applications relied on modications of the waveguide properties to measure
interactions with the environment, such as temperature, strain, and pressure. Later,
arrays of Fiber Bragg Grating (FBG) discrete sensors were employed, enabling
quasi-distributed sensing with spatially separated measurement points [4]. Over the
last decade, the possibility to also exploit existing telecommunication ber cables
as distributed sensors has attracted signicant interest from the telecommunication
operators. In Europe alone, ber coverage reached nearly 80% as of September
2025 [5], and the trend is growing rapidly. Most existing and future backbones,
both long-haul and metro links, can potentially be transformed into sensitive nerves
all along their length. This would allow operators to extract additional value from
their infrastructure, without requiring dedicated sensing cables. This opportunity
is enabled by a sensing method called Distributed Acoustic Sensing (DAS), based
on the Rayleigh backscattering eect and implemented through phase-sensitive
Optical Time Domain Reectometry (φ-OTDR).

However, the presence of a DAS system on a telecommunication ber generates
impairments that degrade data transmission performance. A simulation-based
coexistence study provides crucial knowledge for designing criteria that will enable
both systems to coexist on the same ber. To the best of the author’s knowledge,
the literature contains several studies on DAS and data coexistence; however, they
are predominantly experimental. This thesis contributes to the academic literature
by studying the design parameters of both systems using an internally developed
simulator [6], following a systematic approach to identify the boundaries beyond
which coexistence becomes critical. In particular, this work focuses on the impact
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Introduction

of the DAS system on data channels, while the opposite inuence is not addressed.
The simulator provides a exible environment for simulating data transmission
of a Dense Wavelength Division Multiplexing (DWDM) metro communication
system, and for modeling a DAS interrogator. Moreover, it relies on a realistic ber
propagation model that solves the Non-Linear Schrödinger Equation (NLSE) using
the well known Split Step Fourier Method (SSFM), which naturally incorporates
all the linear and nonlinear eects that degrade the data transmission. This work
was developed in collaboration with real experiments carried out at the POLITO
Inter-Departmental Center for Photonics technologies “Photonext”, which provided
valuable insights about DAS interrogator modeling. This document is structured
in the following way:

• Chapter 1: introduces the topic, motivating the growing interest in exploiting
deployed telecom bers for distributed sensing alongside data transmission,
and outlines the objective and contribution of this thesis.

• Chapter 2: reviews the fundamentals of optical ber communication, covering
ber structure, the propagation model, linear and nonlinear impairments,
transmission system architecture, and the key performance metrics used
throughout the thesis.

• Chapter 3: introduces the fundamentals of bers as distributed sensors,
presenting existing sensing techniques, and the key performance factors and
pulse design parameters.

• Chapter 4: describes the time-domain simulation framework developed for
this work, detailing the system architecture, the pulse generator branch, and
the reference performance obtained for benchmarking scenarios with pulse-
induced disturbance.

• Chapter 5: presents the analysis of data transmission performance under
coexistence conditions, exploring the impact of pulse parameters, transmis-
sion and channel parameters, and receiver parameters on the coexistence
boundaries.

• Chapter 6: summarizes the main conclusions of the thesis and outlines
possible directions for future work.
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Chapter 2

Fundamentals of Optical
Fiber Communication

This chapter outlines the key concepts of optical ber communications, explaining
the structure of the medium, the eects aecting the propagated light, and pre-
senting the modern architectures of coherent systems. The nal sections provide
useful metrics that will be recalled later in the thesis.

2.1 Optical ber structure

An optical ber is a thin cylindrical waveguide for electromagnetic radiation, with
a standard diameter of 125 µm [7]. The wavelength range that the ber is able
to guide is dependent on the material and on the geometry of the ber. Modern
telecommunication specic ber is realized with highly pure silica glass ber,
meaning that allowed wavelength range lies within the near infrared, from 1260
nm to 1625 nm. The central section of the ber is called core, which has a higher
refractive index with respect to the external section, called cladding. This dierence
creates the conditions for total internal reection in the core, which guides the light
along the ber: light is completely reected into the material with higher refractive
index if the incident angle is below a threshold.

The ber core dimensions determine the propagation of one or more stable
electric eld distributions called modes. Standard Single-Mode Fiber (SSMF), or
simply Single-Mode Fiber (SMF), allow only the fundamental mode to propagate,
and its diameter core is around 9-10 µm, while multimode ber’s core reaches
higher values allowing for more complex modes. Single-mode bers exhibit less
attenuation and prevent intermodal dispersion, which makes them the preferred
choice for high-performance long-haul links. A simple transversal scheme of SMF
is provided in Fig. 2.1, with a typical core diameter of 9 µm. The ber cable adds
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a protection to the bare ber to strengthen it, called buer coating. Deployment
environment and applications x mechanical requirements of the ber cable, which
is then protected with further special coating and reinforcements against breaks,
cuts, and other physical stresses.

Figure 2.1: Single-mode ber traversal section model. Dimensions are in µm.

2.2 Propagation model

Electromagnetic waves are modeled by Maxwell’s equations, which constitute
the starting point for deriving the propagation model in optical ber. Several
simplications and approximations are applied, related to the ber geometry and
to the separation between signal bandwidth and carrier frequency. Birefringence,
arising from imperfections in the ber geometry, is also taken into account. The
nal outcome is a wave equation in the Shrödinger form called Dual-Polarization
Nonlinear Schrödinger Equation (DP-NLSE), which can be written in vectorial
frequency domain form as [6]:

∂E(z, ω)

∂z
= −jβ(ω)E(z, ω) − α(ω)E(z, ω) − jγF−1[M · E(z, t)] (2.1)
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The vector E(z, ω) = [Ex, Ey]T represents the electric eld envelope on two orthogo-

nal polarization bases (x̂⊥ŷ), β(ω) is the 2×2 dispersion tensor which accounts also
for Polarization-Mode Dispersion (PMD) (later discussed in Section 2.3.3), α(ω) is
the frequency-dependent attenuation coecient, γ is the nonlinear Kerr coecient,
and M is the coupling matrix that accounts for cross-polarization interactions. The
rst two terms are linear operators applied in frequency domain, while the third
one is evaluated in time domain due to its nonlinear nature. A simpler formulation
of the propagation equation can be derived, averaging polarization-related eects,
known as Manakov equations, which are two scalar equations. In the next sections,
linear and nonlinear impairments are explored in detail.

2.3 Linear impairments

The propagation model presented in the Eq. 2.1 accounts for two linear operators
which are the attenuation and dispersion.

2.3.1 Attenuation coefficient

Attenuation is a signal degradation eect that arises from the dielectric material
properties, and has a frequency dependence. The principal causes are absorption
and Rayleigh scattering. Absorption occurs when a portion of the propagated light
is converted into heat. It is governed by Beer’s law [8]:

dP/dz = −αP, (2.2)

where α is the attenuation coecient. Therefore, a light beam output power is
given by:

Pout = Pin exp(−αL), (2.3)

where Pin is the input power, and L is the ber length. Impurities inside the
ber create absorption spikes in the frequency spectrum. Figure 2.2 shows that
experimental loss measurements over wavelength exhibit the so called “water peaks”
around 0.95µm, 1.25µm and 1.383µm, due to OH− ions.

Rayleigh scattering occurs when light interacts with particles of dimensions
much smaller than its wavelength, causing electrons in those particles to oscillate
and re-radiate the same wavelength in dierent directions, including in the forward
and backward directions. Its contribution is inversely proportional to the fourth
power of the wavelength λ, as:

αR = C/λ4 (2.4)

where C is a constant in the range of 0.7-0.9 (dB/km)-µm4 depending on doping
materials and silica purity [8].
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Figure 2.2: Loss spectrum curve of a typical SMF in 1979 [9]

2.3.2 Dispersion

The travel time of a specic spectral component along a ber span of length L can
be expressed as T = L/vg [8], where vg is the group velocity, which depends on
frequency ω. Each pulse component of the signal spectrum broadens in time due
to this dependence. Considering two dierent frequency components ω0 and ω, the
time delay, or group delay, between these at distance z is:

τg(ω, z) = β2(ω − ω0)z, (2.5)

where β2 is the Group Velocity Dispersion (GVD) coecient, expressed as ps2/km,
and it quantify light spreading on propagation. Fixing the length to L, group
delay changes linearly with frequency, which has important consequences on the
receiver designing. In optical telecommunication systems, the D parameter is used
to quantify dispersion instead of β2. Their relation is: D = −β2 · 2πc/λ2, and its
dimension is expressed in ps/(nm·km), which makes it easier to work with from an
engineering perspective.

2.3.3 Polarization-mode Dispersion

Realistic bers present imperfections related to their cylindrical geometry structure
in the core, and are subject to physical stresses, such as cable bending. These
conditions induce coupling of the propagated excited modes associated to the two
orthogonal polarization at the input of the ber. This property is called modal
birefringence, and its strength depends on the absolute dierence between the
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modal refractive indices of the two polarization states. It changes randomly along
the ber length, causing the two orthogonally polarization states to continuously
change. This aspect is called polarization-mode dispersion, or briey PMD. To
quantify the strength of this phenomenon, it can be shown that for L > 0.1 km its
evolution can be modeled by a random-walk Wiener process with [10]:

σPMD ≈ Dp

√
L (2.6)

where Dp is the PMD parameter. Its value may range from 0.05 to 1 ps/
√

km. The

DP-NLSE written in Eq. 2.1 accounts for this behavior in the β(ω) term. This
eect can be avoided by accurately designing bers that intentionally introduce
stress elements inside the ber structure that induce an higher birefringence, so
that a small uctuation does not induce polarization coupling. However, this kind
of bers are not employed for long-haul or metro links because of their higher
attenuation and higher cost.

2.4 Nonlinear eects

The presented DP-NLSE in Eq. 2.1 exhibit a nonlinear term on the right-hand
side, which accounts for Kerr nonlinear eect. Every dielectric, included silica
glass, changes its behavior for intense electromagnetic elds. The rst family of
nonlinear impairments is related to the a dependence of the refractive index to the
instantaneous intensity of the eld, which also aects polarization properties. Two
well-known eects related to this are Self-Phase Modulation (SPM) and Cross-Phase
Modulation (XPM). The second family of nonlinear eects is related to stimulated
inelastic scattering, in which photons transfer part of their energy to the medium.
Two important eects of this family are Stimulated Raman Scattering (SRS) and
Stimulated Brillouin Scattering (SBS).

2.4.1 Self-phase modulation

SPM refers to an instantaneous phase contribution that an electric eld induces on
itself. It can be expressed as [10]:

φSP M (t) = γP (0, t)zeff, (2.7)

where γ is the nonlinear coecient, P (0, t) = |E(0, t)|2 is the power at the input
of the ber. zeff represents the eective interaction length, accounting for the
exponential power decay due to ber attenuation α [10]:

zeff =
1 − exp(−αz)

α
. (2.8)
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The nonlinear coecient γ is instead related more to the property of the ber,
along with the frequency. It can be expressed with [10]:

γ = k
n2

Aeff

(2.9)

where k = 2π/λ is the wavenumber, n2 is the nonlinear refractive coecient, which
is a material property, and Aeff is the eective mode area, which is related to how
well the ber conne the light in the core. Typically, γ values for modern silica
bers take values around 1-1.5 W−1/km.

2.4.2 Cross-phase modulation

XPM refers to an instantaneous phase contribution from other electric elds onto
one. It arises in multi-carrier scenarios where co-propagating channels mutually
modulate each other’s phase. To account for this phenomenon, the power coecient
P(0, t) is updated with powers of the other electric elds, leading to [10]:

φXP M,i(t) = 2γzeff



j /=i

Pj(0, t), (2.10)

where Pj(0, t) are the other channel powers at time t. A noticeable dierence is
that for the same power, the XPM contribution is twice that of SPM.

2.4.3 Stimulated inelastic scattering

SRS and SBS share a common underlying mechanism in which a pump photon
is annihilated to generate a red-shifted Stokes photon at lower frequency, and a
phonon with a frequency which depends on the material lattice. They dier on
the phonon nature: SRS generates optical phonons, while SBS acoustic ones. This
dierence is also reected in the propagation direction of the scattered light. In
SMFs, SRS propagates in forward and backward directions, while SBS only in
backward direction. They both exhibit a threshold behavior, so that their eect is
noticeable after exceeding a certain amount of power. For SRS this threshold is
around 1 W, while for SBS typical values are around 1 mW. Both are fundamental
phenomena for two applications in optics. SRS is leveraged as an amplication
source in Distributed Raman Amplication due to the energy transfer from an
higher frequency to lower with a gain prole that peaks at ∼ 13 THz below pump
frequency. Both eects are exploited also for sensing purposes.

2.5 Transmission system architecture

Transmission systems have evolved over time as technology has advanced. They
have become specialized according to the conditions in which the cables are to be laid

8
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and the type of connections required, e.g. submarine systems incorporate features
that enable them to operate at depths of several kilometers. Modern systems adopt
the Wavelength Division Multiplexing (WDM), the optical counterpart of frequency
division multiplexing. In this way, multiple transceivers can coexist on the same
transmission medium, which allows multiple independent data streams on the same
ber, a cost-ecient solution for improving capacity. In Dense WDM (DWDM),
channel spacing is reduced, increasing spectral eciency by wasting less spectrum
and consequently tting more channels within the same band. The International
Telecommunication Union (ITU) standardized a grid of channels with channel
spacings ranging from 12.5 GHz to 100 GHz, as well as a exible grid, specically
for DWDM [11]. It is also worth mentioning that frequency bands have evolved
through the years because of technological advancements. Fig. 2.3 shows the most
commonly used bands for optical communications, together with the simulated
ideal ber loss curve, obtained by considering only Rayleigh scattering and infrared
absorption of the silica ber. Historically, the O-band was the rst band used for
optical communication thanks to the early availability of cost-eective components.
In this band, chromatic dispersion is also minimized. However, this work is mainly
focused on the C-band, which minimizes the attenuation.

Figure 2.3: Bands for optical communications and the ideal attenuation curve
considering only infrared absorption and Rayleigh scattering
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2.5.1 Transmitter architecture

The transmitter converts input digital bits into properly modulated light. In the
case of DWDM channels for long-haul links, transmitters are typically coherent,
which means that information can be encoded both in amplitude and phase of the
optical eld. To accomplish this process, a Continuous-Wave laser (CW laser) is
split into two branches for the in-phase and quadrature components. Each branch
is modulated with a Mach-Zehnder Modulator (MZM) operating in push-pull
conguration, which controls the eld intensity. The quadrature branch passes
through a 90-degrees phase-shift stage before recombination with the in-phase
branch. The entire process is performed for two orthogonal polarizations. At the
end, both polarized signals are combined and launched in the ber. The most
used modulation format family is the Quadrature Amplitude Modulation (QAM),
where 16-ary Quadrature Amplitude Modulation (16QAM) and Quadrature Phase
Shift Keying (QPSK) formats belong to. Figures 2.4 show the reference Gray-
coded constellations for the QPSK and 16QAM. These formats are used in both
orthogonal polarizations, creating advanced QAM formats such as Polarization
Multiplexed 16QAM (PM-16QAM), with 16 symbols per polarization (4 bits/symb
per polarization), or the much simpler Polarization Multiplexed Quadrature Phase
Shift Keying (PM-QPSK), with 4 symbols per polarization (2 bits/symbol per
polarization). Both modulation formats are also known as Dual-Polarization
16QAM (DP-16QAM) and Dual-Polarization Quadrature Phase Shift Keying (DP-
QPSK), respectively. The output is a complex-modulated optical signal centered
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at the wavelength of the CW laser. Modern transmitters apply a Forward Error
Correction (FEC) encoder to the bit stream before being transmitted. The encoder
operates on xed-size blocks of k information bits, appending r = n − k parity bits
to form a codeword of length n. Generally, the encoded codewords are then passed
through an interleaver, which permutes the bits across multiple codewords. This
allows burst errors to spread over a wider block of bits, improving the decoder’s
error correction capability. The design parameters of the FEC algorithm, such as
the number of parity bits, and the interleaver depth, dene a Bit Error Rate (BER)
threshold below which the transmitted bits are reliably recovered. Modern FEC
thresholds are in the range of 2 · 10−2. Later in this work, transmission performance
is assessed using these limits.

2.5.2 Amplication and noise sources

Over long ber lengths, the signal power attenuates due to ber loss. A specic type
of amplier called Erbium-Doped Fiber Amplier (EDFA) takes the signal power
after tens of kilometers and amplies it back to the nominal power to compensate
for the attenuation directly in the optical domain. For each stage of amplication,
a predictable amount of noise power is injected into the signal, which is due to
Amplied Spontaneous Emission (ASE) noise generated inside EDFAs. This power
can be computed as:

PASE = hfB(G − 1)F (2.11)

where h is the Planck’s constant, f is the frequency of the carrier, B is the optical
noise bandwidth, G is the linear gain, and F is the amplier noise gure. EDFAs
naturally provide amplication across the C-band, making them the dominant
amplication technology for DWDM systems. Moreover, with careful design, they
can operate also in the L-band.

Another source of noise is due to nonlinear eects, which aect the signal when
the electric eld power inside the ber is high. Therefore, an EDFA adds its ASE
noise and enhances nonlinear noise on each amplication stage. This dependence
denes an optimal launch power, beyond which nonlinear degradation dominates
over the benet of higher signal power.

2.5.3 Coherent receiver architecture

In digital transmissions, the receiver is commonly more complex than the trans-
mitter. Its complexity derives from the need to compensate for all impairments
aecting the signal after propagation. Modern receivers implement advanced Digital
Signal Processing (DSP) techniques to estimate and recover the original modulated
symbols [7]. The Fig. 2.5 shows the receiving DSP chain highlighting the most
important stages.
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The rst step of the reception chain converts a complex-modulated dual polar-
ization optical signal into four branches, one for each component and polarization.
The Local Oscillator (LO) laser acts as the frequency and phase reference for this
rst stage. It is worth noting that the two polarizations extracted may not coincide
with the one transmitted due to ber birefringence. Then, signals are sampled
at 2 Sample-per-Symbol (SPS) by an Analog to Digital (A/D) converter, and
the subsequent stages operate fully in the digital domain. Chromatic dispersion
can be compensated by knowing the length and characteristics of the ber, using
well-known algorithms operating in either frequency or time domain. In parallel,
digital clock recovery stage is applied, since the transmitter and the receiver operate
with independent oscillators; it provides timing corrections to the A/D sampling
process. Matched ltering and polarization recovery are then performed through
adaptive equalization, which compensates also for residual chromatic dispersion,
and residual inter-symbol interference. Then, Carrier Phase Estimation (CPE) is
performed in two steps: rst, a phase term is recovered by the frequency mismatch
between transmitter laser and the LO; then, residual phase noise is compensated
using algorithms such as the Viterbi-Viterbi, and Blind Phase Search (BPS). To
further rene the carrier phase estimation and recovery, pilot symbols are inserted
in predictable positions inside the transmitted sequence. In this way, the receiver
can precisely track and compensate for the phase noise. Finally, symbols are
demapped using the same scheme of the transmitter, and then FEC decoding is
applied to the bit streams.

Figure 2.5: Receiver DSP chain schematic

Adaptive equalization

The subsequent performance evaluation relies on several equalization algorithms,
each employing distinct recovery rules. In general, the equalization stage processes
a pair of I/Q streams sampled at 2 SPS, where the two received polarizations
are mixed, and outputs a pair of I/Q streams corresponding to the polarization-
demultiplexed equalized data streams. The three algorithms used in this analysis are
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the Least Mean Square (LMS) [12], the Constant-Modulus Algorithm (CMA) [13],
and its extension, the Multi-Modulus Algorithm (MMA) [14]. All these algorithms
minimize a cost function J that computes the error between the received symbol
and a reference information, which varies depending on the type of algorithm. The
input symbols xk are combined with a weight vector, forming the taps, and the
cost function is minimized by updating these taps in a gradient-descent manner.

The LMS algorithm minimizes the mean-square error JLMS = E{|dk − yk|2},
where dk is the reference symbol and yk is the equalizer output. The residual
error ek = dk − yk drives the tap update wk+1 = wk + µekx∗

k, where µ is the
step-size parameter. This algorithm is eective provided that a training sequence
is transmitted, which gives a correct starting point for the minimization; such
schemes are usually referred to as data-aided equalization.

By contrast, the CMA algorithm works blindly, without a training sequence.
It minimizes the cost function JCMA = E{(|yk|2 − R)2}, where R is the reference
constellation radius, using the tap update formula as before. The core idea behind
this approach is to force the output symbols to converge to a xed modulus R. This
has proved to be eective not only for single-radius constellations like PM-QPSK,
but also as a pre-convergence algorithm for higher-order quadrature amplitude
modulations [7]. The MMA algorithm extends the CMA idea by comparing the
received samples with multiple radii, and selecting the radius that generates the
minimum error as the reference radius R. In general, blind equalizers do not require
any training symbols to converge, but they might do it slowly, and occasionally they
converge to sub-optimal solutions. A training phase instructs the equalizer towards
the right direction; once convergence has been reached, the equalizer algorithm can
switch to a blind mode.

All these algorithms rely on the iterative gradient-descent process to update
the tap weights, making their performance strongly dependent on the step-size
parameter µ. This is usually tuned to control the trade-o between convergence
speed and steady-state accuracy. A larger step-size allows for faster adaptation
during initial iterations, but causes the algorithm to oscillate around the optimum
minimum, preventing its reachability. On the contrary, a smaller step-size can
converge closer to the minimum solution, at the cost of a slower convergence rate.
In the specic case of the adaptive equalization, for steady-state channel conditions,
a small step-size is ideal after a training sequence, so the equalizer can keep up
with the small channel variations. As shown later in the performance analysis on
Chapter 5, channel conditions will not be stationary, giving rise to the receiver
DSP parameter investigation, in particular for the step-size µ.
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2.6 Optical link performance metrics

To evaluate the quality of the received signal, dierent metrics can be used,
depending on the specic use-case. The Optical Signal-to-Noise Ratio (OSNR) is
the simplest metric, dened as:

OSNR :=
P out

signal

P T OT
ASE

=
G · P in

signal

hf · B · (G − 1) · F
(2.12a)

≈ P in
signal

hf · B · F
, (2.12b)

meaning that it is a ratio between the amplied signal power and the total ASE
noise introduced by the EDFA. If the gain is high, it can be approximated using
Eq. 2.12b. The higher the OSNR, the less the signal is aected by ASE noise.
However, this metric does not take into account nonlinearities. The Generalized
Signal-to-Noise Ratio extends the denition in the following way:

GSNR :=
P out

signal

P T OT
link

=

=
P out

signal

P T OT
ASE + P T OT

NLI

,

(2.13)

where P T OT
NLI is the total power due to Non-Linear Interference (NLI). As the

previous metric, the higher it is, the clearer the signal appears at the receiver. A
further renement accounts for the internal transceiver noise, including electrical
noise of the modulators, quantization noise and other hardware imperfections, all
included in P T OT

int . This third metric is dened simply as Signal-to-Noise Ratio
(SNR):

SNR =
P out

signal

P T OT
link + P T OT

int

, (2.14)

accounting for the Internal SNR, dened as ISNR = P out
signal/P T OT

int (with no other
impairments). The presented metrics are dened using physical layer information.
Another useful metric is the Bit Error Rate, which is dened down the reception
chain. It measures the error probability on the single bit and it is strictly related to
the previous metrics: higher SNR can produce lower BER, noisy signals results in
a high BER. In addition, the modulation scheme employed for the communication
matters. For the same noise power, more complex modulations are less resilient
to noise, leading to an higher BER. For PM-QPSK and PM-16QAM, it can be
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computed as:

BERPM-QPSK =
1

2
erfc(



SNR

2
) (2.15a)

BERPM-16QAM ≈ 3

8
erfc(



SNR

10
) (2.15b)

Given an and bn as the transmitted sequence and its received version, respectively,
of length N , the mean BER can be empirically computed as:

BER =
1

N

N


i=1

1(ai /= bi), (2.16)

where 1(·) is the indicator function, equal to 1 if the condition is satised, 0
otherwise. However, the mean BER does not provide any information about its
evolution in time. A reasonable metric that can provide this information is the
cumulative sum of bit errors, which can be computed easily in simulation. It can
be dened as:

FBE(n) =
n



i=1

1(ai /= bi) , 1 ≤ n ≤ N. (2.17)

Computing the steepness over the whole function with Nmov > 1 window length,
the moving BER can be computed in time as:

BERmov(n, Nmov) =
1

Nmov

(FBE(n − 1 + Nmov) − FBE(n − 1)) = (2.18a)

=
1

Nmov

n+Nmov−1


i=n

1(ai /= bi) , 1 ≤ n ≤ N − Nmov + 1 (2.18b)

Both mean and moving BER metrics depend on the whole receiver chain, summing
all the residual noise that algorithms cannot fully eliminate. This means that the
Eq. 2.15a and Eq. 2.15b represents the theoretical lower bound on BER, achievable
only with an ideal receiver. The formulation on Eq. 2.18 has been fundamental for
this work, as it tracks the temporal evolution of the channel qualities, putting in
evidence the performance degradation during the probe pulse. In particular, the
median value and the maximum value are extracted to evaluate the performances.
The median value demonstrated to be a reasonable reference choice as it discards
initial transients, and small deviation from the BER oor, in contrast to the mean
value on the whole simulation window. The maximum value provided a worst case
BER, which proved to be a good downstream metric to assess the coexistence.
However, the development of this approach took a discrete amount of work time,
so the early stages of the analysis focused only on the mean BER metric.
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Chapter 3

Fundamentals of Distributed
Fiber Optic Sensing

In this chapter, the sensing topic is introduced by rst giving an overview of
the main methods used to achieve distributed sensing on optical bers, and then
narrowing the focus to the specic technology and the resulting model used for the
coexistence study.

3.1 General principles of ber sensing

Optical ber sensors are devices that use light to convey sensing information [15].
Typically, these systems consist of a probe light source and a receiver that processes
the returning optical signal, which carries information about the perturbation. The
interrogator is the electro-optical unit that emits the probe light and processes
the returning signal. The sensing element is designed to respond to the intended
measurand, ideally without other external inuences. Since the early research,
optical ber sensors have been shown to work for a wide variety of measurands,
exploiting many attributes of light, such as intensity, polarization and phase.
For decades, the most common low-cost architectures employed in cost-sensitive
applications were multiplexed sensors, where several sensors were distributed onto
a single ber cable, sharing the same interrogator. Typically, a large number of
sensors were required to reach adequate spatial coverage, but for long distances this
led to a tradeo between cost and spatial resolution. A Distributed Fiber Optic
Sensors (DFOS) system performs measurements with a continuous spatial prole,
using the whole ber length as the sensing element. The enabling technology
was demonstrated in the late 1970s, named Optical Time Domain Reectometry
(OTDR). An OTDR is the instrument that applies this methodology. It launches a
series of probe pulses into an optical ber, and detects the back-reected signal at
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the launching end. During the propagation, the probe pulses experience Rayleigh
scattering, which redirects part of the energy back to the launching point. Moreover,
localized imperfections such as splices, connectors, or ber breaks produce stronger
reections due to Fresnel reection at the discontinuity. However, the magnitude
of the back-reected signal is typically in the range of 0.1-1% of the original probe
power [15]. Fiber loss can also be inferred by looking at the slope of the loss prole.
Knowing the group velocity of the propagating pulses, the distance where these
imperfections are located can be computed measuring the time delay between the
launched pulse and the reception of the light. The nal trace is typically obtained
by averaging multiple measurements to improve SNR.

3.2 Overview of existing sensing techniques

The rst documented experiment of a distributed ber sensor was a temperature
sensor using liquid-core ber [16]. The temperature dierence in a portion of its
length led to a change of the scattering intensity, which was detectable with an
OTDR. Due to practical diculties in deploying liquid-core bers, this work had
limited impact, but it opened the search for better techniques that could interrogate
standard ber for sensing over its entire length. In years of research, several methods
were proposed, mostly based on Raman OTDR, Brillouin scattering, and coherent
Rayleigh backscattering.

Raman OTDR exploits spontaneous Raman scattering to retrieve distributed
temperature information from the backscattered light. In particular, the scattered
eld intensity of the anti-Stokes band is more sensitive to temperature variations
than the Stokes band. This technology enabled Distributed Temperature Sensing
(DTS), as it can perform precise temperature measurements computing the ratio
between the intensities of anti-Stokes band and Stokes band.

Brillouin scattering presents two key dierences, although sharing the similar
inelastic mechanism to Raman scattering. First, the frequency shift of the Stokes
and anti-Stokes bands is around 10 GHz, roughly three orders of magnitude smaller
than Raman scattering. Second, this shift depends on both temperature and strain,
making Brillouin-based techniques suitable also for Distributed Strain Sensing
(DSS), or Distributed Strain and Temperature Sensing (DSTS).

Finally, coherent Rayleigh-based techniques emerged as the most suitable ap-
proach for distributed acoustic sensing, and will be discussed in detail in the
following section.
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3.3 Phase-sensitive OTDR and advancements

In the 1990s, Henry F. Taylor and Chung E. Lee proved that vibrations of the
optical ber could be detected demodulating Rayleigh backscattering light using
a coherent technique [17]. Although limited by the early technology, this work
represented a groundbreaking result. Since its discovery, this new technology
has had strict requirements on frequency stability and narrow linewidth of the
reference laser. As in OTDR, φ-OTDR is based on Rayleigh backscattering, but
it uses highly coherent light to probe the ber. The usage of this type of light
leads to coherent interference of the backscattered light from many scattering
centers within the pulse width; the resulting speckle pattern is stable in absence
of perturbations. With coherent detection, the phase of this reected signal is
demodulated, and a phase dierence can be related quantitatively to the intensity
of the perturbation. This technology complements Brillouin-based sensing for
temperature and strain applications, while enabling for application on vibrational
sensing, called Distributed Acoustic Sensing, or DAS.

Recent studies have demonstrated signicant advancements through a φ-OTDR
technology that implements a chirped probe pulse [18][19], known as Chirped
Pulse phase-sensitive OTDR (CP-φ-OTDR). Each probe pulse is made by a linear
frequency sweep, increasing the bandwidth of the pulse. This improvement allowed
the acoustic detection with direct-detection instead of coherent detection, which
eased laser requirements and reduced overall hardware complexity, at the cost of
requiring a higher detection bandwidth. It is worth noting that the laser still works
coherently; however, the requirements on phase noise are more relaxed.

3.4 Key performance factors of DFOS

Generally, the performance of a distributed ber optic sensing system can be
evaluated in terms of four metrics: spatial resolution, temporal resolution, range
and quality of measurements [15].

• Spatial resolution is a metric inherited from the OTDR technology, dening
the minimum space under which two events would be indistinguishable due to
an eect of superposition. It represents the length over which the measure is
averaged, and it is determined by the spatial length of the prove pulse, and so
its duration.

• Temporal resolution refers to the generation rate of a new measurement.
Reliable temperature sensing require multiple measurements to be averaged,
which require tens of seconds to complete; acoustic sensing does not require
averaging, which increases the sampling frequency of the measurand, reaching
higher temporal resolution.
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• Range (or maximum range) is the maximum distance at which events can be
detected, and is physically limited by the attenuation. It determines also the
maximum probe repetition rate: higher ranges, lower maximum repetition
rate.

• The quality of measurements refers to the goodness of the relation between the
perturbation and the measure. Typically, it is related to the measuring reso-
lution (the smallest measurable increment), accuracy (how close the measure
is to real value), and precision (variance of the measurements).

3.5 Pulse design parameters and requirements

Now that key concepts have been introduced, the probe pulse can be designed
taking into account the following parameters, whose eects are determined using
the previous metrics. The laser linewidth must be suciently narrow so that the
coherence length exceeds the spatial extent of the pulse in the ber: phase noise
aects directly measurement noise oor [18]. The probe pulse duration determines
spatial resolution: shorter pulses provides ner resolution, but reduce SNR, as each
pulse carries less energy. Pulse peak power can compensate for short pulses, but
experiments show that enhances nonlinear distortion, degrading the measurement
[20]. The pulse repetition rate, PRF in short, is constrained by the round-trip time
along the ber: PRF ≤ c/(2nL). Since in DAS measurements averaging is not
required, PRF aects directly acoustic bandwidth. In SSMF, for L = 50 km, this
limit is ∼ 2 kHz, while for trans-oceanic links, it drops to tens of Hertz [21]. Finally,
the pulse shape aects both spatial sidelobes and robustness to nonlinear eects,
which decreases SNR. Later in this work, the pulse shape will have important
consequences for the coexistence performance.
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Chapter 4

Simulation Framework

This chapter describes the time-domain simulation framework that was developed
to study the coexistence between metro DWDM coherent transmission system and
the chirped DAS pulse. The communication architecture and the DAS pulse design
branch are outlined, providing also the reference results that serves as benchmark
for the coexistence study.

4.1 System architecture

As seen in Chapter 2, an optical transmission system consists of three main
components: the transmitter, the ber cable and the receiver. Figure 4.1 shows all
the main components of the simulator: the light blue shapes refer to transmission
blocks, the light orange to the receiver ones, and the dark red shapes to the
DAS components. In WDM systems, two fundamental elements allow channel
multiplexing (MUX) and demultiplexing (DEMUX). They consist of Optical Add-
Drop Multiplexers (OADM), which are passive optical lter that separate or
combine dierent wavelengths with negligible distortion. The simulator supports
multiple channel transmission, simulating the MUX and DEMUX operations. The
novelty in this context is represented by the DAS interrogator, which probes the
same ber used for telecommunication purposes. Its channel is added to the WDM
comb with a specically designed OADM, chosen to remain consistent with a real
experimental setup [20]; this is represented in the gure as a separate OADM. The
DAS channel is congured to occupy one of the wavelengths typically reserved for
data transmission; this is referred to as the in-band conguration. Since it travels
in the same direction as the data channels, it also constitutes a co-propagation
scenario. The ITU-T G.681 document has been recently released to standardize
the coexistence of DAS and DWDM systems.

The transmission steps follow the architecture presented in Section 2.5.1. A
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Figure 4.1: Simulation framework architecture

Pseudo-Random Binary Sequence (PRBS) is generated and mapped onto the
symbols of the selected modulation format. FEC capabilities are not explicitly
implemented, as empirically measuring meaningful post-FEC performance would
require a prohibitive amount of simulation time and resources. Each symbol is
divided into its I/Q components, which are shaped with a Square-Root Raised
Cosine (SRRC) lter. This requires the receiver to implement the matched lter
using the same shape to guarantee a raised cosine overall channel response, which
eliminates inter-symbol interference. At the modulator stage, two real impairments
are simulated: the rst is the laser phase noise, which evolves as a random walk;
the second accounts for the oor OSNR at the transmitter side OSNRT X . In the
multiplexer, all channels are combined to form the WDM comb, which requires
the simulation bandwidth to be increased before the full DWDM band is launched
into the ber for propagation. The propagation simulation is performed either
by solving the NLSE or Manakov equations with SSFM [6]. At the end of the
propagation process, the WDM comb is amplied by the EDFA pre-amplier, which
compensates for the loss of the ber, according to the transparency principle. This
assumes that losses due to attenuation must be compensated for by amplication,
so that the signal reaches the receiver with the same average power as it had at the
transmitter side. No ber propagation is simulated after this amplication stage,
which implies that all the nonlinear impairments aecting the received signal are
associated with the congured ber length. Channels are then demultiplexed to the
corresponding receiver, and the whole DSP receiving chain is performed. To test
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performance in the presence of high noise power, the received signal undergoes an
Additive White Gaussian Noise (AWGN) stage, which sets the OSNR – “Noise
loading” in gure 4.1. This allows the coexistence penalty to be quantied as
an OSNR penalty, independently of the specic link conguration, making it one
of the most fundamental metrics of this study. A real receiver starts with the
electro-optical front-end, which is skipped in simulation. The received signal is
represented on a dual-polarization basis, which in general does not coincide with
the transmitted one; moreover, it is oversampled due to the bandwidth expansion
before propagation. Therefore, the DSP receiver chain begins with resampling
the signal to 2 SPS. Clock recovery is not implemented: it is assumed that the
receiver always samples at the right instant. Then, a super-gaussian band-pass
lter is applied to the channel, to lter out high noise components. The chromatic
dispersion compensation algorithm works in the frequency domain. The adaptive
equalization applies matched ltering and recovers the original polarizations. The
provided software already implements dierent equalization algorithms such as the
CMA, the MMA and the LMS. At the end of this stage, the signal is downsampled
to 1 SPS, discarding the transition samples and retaining only the symbols. CPE
is performed using BPS in the case of DP-16QAM, and Viterbi-Viterbi in the case
of DP-QPSK. These algorithms are aided by pilot symbols, which eciently follow
the phase evolution of the transmitting laser. At the end, symbols are decoded and
compared to the original sequence.

Several outputs are analyzed at the end of the simulation. Starting from the
initial DSP steps, the Adaptive Equalization stage outputs the residual error ek

of each iteration (see Section 2.5.3), which gives important information about
the convergence behavior of equalization algorithms. Then, the CPE returns
the recovered phase applied to the symbols, which can be plotted to inspect its
evolution over time. The demapping stage returns the average BER on the two
recovered polarizations, the overall average BER, the overall SNR, and one of the
most important outcomes for this work: the cumulative sum of bit errors, which is
mathematically dened in Section 2.6.

4.1.1 Equalization setup details

The adaptive equalization phase is a computationally-heavy task, especially if it is
executed over a very high amount of samples. Reducing the amount of simulated
symbols conicts with the ability of the equalizer to reach a good working point.
Therefore, two kind of algorithms are provided by the simulation framework:
Data-Aided (DA), and Decision-Directed (DD). Data Aided algorithms perform
an excellent equalization, but the usage of real data at the receiver makes them
unrealistic for use as main equalization algorithms. Decision Directed approach is
instead used as the standard way to equalize, managing to converge to a stable
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solution without looking for a reliable data source, although convergence may
be slow or produce suboptimal working points. The provided framework allows
two selectable algorithms sequentially for the same run, one for the rst K-th
samples as training phase, the second for the steady-state phase. For this work,
three combinations of equalizers are used based on the modulation formats. For
DP-QPSK, the CMA algorithm is executed for both training and steady-state
phases. For DP-16QAM, two congurations are used: the rst setup relies on the
Data-Aided LMS (DA-LMS) algorithm for both training and steady-state phases;
the second executes the Data-Aided MMA (DA-MMA) as training algorithm, which
converges rapidly, then switches to Decision-Directed MMA (DD-MMA) until the
end of the simulation. This setup allows to obtain a stable equalizer at the end of
the training phase, so it runs with the decision-directed logic for the rest of the
simulation – where the DAS pulse actually is simulated.

4.1.2 DAS interrogator branch

The inherited simulation framework at the beginning of the thesis period already
contained the DAS support for the in-band transmission. The original work already
supported the majority of the parameters to be adjusted: pulse shape (either
rectangular, gaussian, or m-th order super-gaussian), pulse peak power, pulse
chirp bandwidth, and several additional parameters, such as the number of pulse
repetitions and the time gap between them. However, it lacked some important
aspects in the architectural design. In particular, neither dedicated EDFA nor
OADM were implemented. Aligning the simulator with a real experimental setup
was one of the contributions of this work. In the course of this thesis, the DAS
branch has been modied: rst, chirping function was updated so that the tails of
the pulse were also chirped, and then the EDFA and the OADM were added. The
EDFA introduces a realistic design detail, modeling the ASE noise with its specic
distribution in the frequency domain; the dedicated OADM shapes the channel
band so that all spurious spectral components are discarded.

The current architecture is consistent with the Figure 4.1, where the PDAS, launch

is the peak power at the output of the DAS interrogator, while PDAS is the peak
power at the output of the EDFA, before the signal combines in the WDM comb.
The EDFA operates in Automatic Power Control mode, adjusting its gain so that
the output power matches the target PDAS.

To have a clear understanding of the parameters, the following subsections
briey describe the main design choices.
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Pulse power envelope shaping

The simulation framework oers several power envelope shapes for DAS: rectangular,
gaussian and super-Gaussian (SG). However, this thesis focuses only on SG power
shapes. A super-Gaussian shaping function can be expressed in terms of its FWHM
w as:

E(t) = A · exp



− ln 2


2
t − t0

w

2m


, (4.1)

where m is the order of the super-Gaussian. This formulation is useful, as both
order and FWHM have been studied. The gure 4.2a highlights that for the same
FWHM, higher-order SG shapes present steeper rise and fall edges. For m = 1 the
super-Gaussian falls back to Gaussian shape, while for higher orders it approximates
a rectangular pulse. In gure 4.2b three cases of dierent FWHM are presented
for a xed order: steeper edges are observed for shorter pulses. The t0 term in the
formula is used in the simulator to center the pulse along the transmission stream.

Pulse peak power

The simulator provides two DAS power settings, dened in two subsequent parts:
the DAS peak power at generation PDAS, launch, and the nal power PDAS before
being combined into the MUX. The former is the power baseline produced by the
DAS laser, i.e. the amplitude A term in Eq. 4.1. The EDFA adjusts its gain
to meet the latter power setting, amplifying the probe pulse to PDAS; however,
the EDFA is modeled to introduce ASE noise, which is dependent of the power
boost: the higher the gain, the higher the ASE noise. Considering real experiments
outcomes [20], the operational range to test is around tens of dBm at the input of
the ber, with an upper limit of about 23 dBm.

-10 -5 0 5 10

Time, t [s]

0

0.2

0.4

0.6

0.8

1

A
m

p
lit

u
d

e
 [

a
.u

.]

m = 1

m = 2

m = 4

m = 8

-10 -5 0 5 10

Time, t [s]

0

0.2

0.4

0.6

0.8

1

A
m

p
lit

u
d

e
 [

a
.u

.]

w = 2 s

w = 4 s

w = 6 s

(a) (b)

Figure 4.2: Super-Gaussian shapes with zero mean, (a) varying the order for
w = 4 s, and (b) varying the Full-Width Half-Maximum (FWHM) for m = 4.
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Chirp bandwidth

According to the approach presented in [18], the DAS probe pulse is designed to
sweep a dened optical bandwidth ∆fchirp, from −∆fchirp/2 to +∆fchirp/2. The
inherited framework scripts modulate only the FWHM region, leaving the tails
unmodulated. This creates a spike at the DC component of the spectrum, which
was an unwanted artifact, visible in the center of the spectrum shown in Figure
4.3. One of the contributions of this work consists in the rened modeling of the
chirp, which still applies the linear chirp within the FWHM, but the tails are now
modulated: the rise edge tail is held at the lower frequency −∆fchirp/2, while the
fall edge tail is held at the upper frequency +∆fchirp/2. This completely eliminated
the DC spectral spikes. Fixing τ = t − t0, the nal expression for the instantaneous
frequency is:

f(τ) =























−∆fchirp

2
, τ < −w

2

−∆fchirp

2
+

∆fchirp

w



τ + w
2



, |τ | ≤ w
2

∆fchirp

2
, τ > w

2
,

(4.2)

which leads to the following expression of the DAS pulse electric eld in complex-
envelope form:

EDAS(τ) = A · exp



− ln 2


2
t − t0

w

2m


exp


i2π
 τ

−∞

f(ξ)dξ


. (4.3)

Figure 4.3 shows this dierence both in the received spectrum and in the waveform.
However, future work includes extending the frequency sweep across the pulse tails
as well, without holding the frequencies.

Polarization

The DAS pulse is modeled as a linearly polarized electric eld, with a xed angle set
at the transmitter. This angle is expressed in the same polarization basis used for
the data channels. A probe oriented at 45° projects equally onto both orthogonal
components, aecting the two data streams symmetrically. The extreme values –
0° and 90° – correspond to a perfect alignment with the x̂ and ŷ axes respectively
at the ber input.

4.1.3 Simulation parameters and typical values

In Figure 4.1, a large number of functions are modeled from the transmitted
sequence to the demapping and performance metrics computation. To give an
overview of the simulated scenarios, the overall settings are reported in the tables
provided in Appendix A. These tables gather the most important parameters of
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Figure 4.3: Chirped DAS pulse example, spectrum on the left, and waveforms on
the right (top: real part; bottom: imaginary part).

the simulator, reporting either the xed value or the studied range. Among these
settings, only a subset were introduced specically for this thesis. In Table A.1,
the only new parameter is the OSNRT X ; in Table A.2, the novel parameters are
the OADM bandwidth and lter order, the EDFA noise gure, and the CW laser
power; in Table A.3 only the post-processing parameter Nmov has been added (see
Section 2.6).

Some of the reported parameters deserve particular attention. First, the simu-
lated ber length this analysis spans is suitable comparable with lengths for metro
links, thus less than 100 km. Another parameter is the peak power PDAS, as it
was always intended as the peak power at the input of the ber. However, at
the beginning of the thesis, it was the actual peak power generated by the DAS
interrogator, as the EDFA was not present. When presenting results, this dierence
is highlighted to avoid misleading interpretations.

The “multiple pulse” section in Table A.2 refers to a particular scenario where
the DAS pulse is repeated multiple times in a short time window. This was initially
done to put under stress the receiver, and force it to produce a worst-case mean
BER. This method was mainly driven by the usage of the mean BER, which
averages over the full simulation window. However, this method proved to stress
the equalizer algorithm to a non-convergence point, in which performance metrics
were no longer reliable. In addition, the mean BER is aected also by the length
of the simulation time window – the total number of simulated symbols. Although
it produced useful insights on the receiver behavior, the main focus remained
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to analyze the performance focusing on the single-pulse scenario under optimal
receiver conditions.

4.2 Performance of a reference scenario

This section presents the simulation performance in the absence of the DAS pulse,
showing the measured BER as function of the loaded OSNR in order to provide a
baseline performance for benchmarking the DAS cases. Particular attention is paid
to the BER thresholds of the most common FEC algorithms because, once these
thresholds are exceeded, the codewords cannot be recovered, resulting in FEC block
errors.

4.2.1 Single channel, DAS o

For the single channel case, references are provided setting Pout = 0 dBm, and
span length L = 50 km. The mean BER versus OSNR curves provided in Figures
4.4 show reference performance with and without OSNRT X = 40 dB, and with
the linewidth ∆ν set to 100 kHz and 0 Hz. As anticipated in Sections 2.5.3 and
4.1.1, dierent equalizers are used depending on the kind of analysis to assess. For
DP-QPSK modulation format, the sole algorithm employed is the CMA, which is
natively a DD algorithm (settings are reported in Table A.3). Figure 4.4a shows
the measured performance compared to the theoretical curve, computed using
Eq. 2.15a. Both impairments imposed at the transmitter side do not interfere
with receiver performances, in fact all four curves overlaps almost perfectly. For
DP-16QAM modulation format, two dierent equalizers have been used: DA-LMS,
and the DA-MMA/DD-MMA, or briey MMA. Figure 4.4b shows the performance
of DA-LMS equalizer algorithm, highlighting a pronounced OSNR penalty in case
of non-zero linewidth. Instead, this OSNR penalty is not present in gure 4.4c.
This is a common behavior of CMA/MMA algorithm, which are more resistant
to phase noise [14]. In high noise conditions MMA tends to move away from the
theoretical trace, as the algorithm does not reach a stable convergence point. In all
simulated traces, the gap with the theoretical curves is caused by residual errors
introduced by the whole DSP chain.

4.2.2 Multiple channels, DAS o

As for previous results, multichannel references are provided with average power
channel Pout,iCh = 0 dBm, and span length L = 50 km. Five DWDM channels
are simulated, spaced by 50 GHz, centered at 193.4 THz, and numbered 1 to 5
from the left-most. The equalizers settings are the same of the single channel
references, reported in Appendix A. Figure 4.5 shows the Power Spectral Density
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Figure 4.4: Mean BER versus OSNR curves without DAS pulse, single channel
congurations

(PSD) of the whole WDM comb after ber propagation and amplication with
the EDFA at the end of the span. The frequency axis is referenced to the central
frequency of the WDM comb in its complex-envelope representation, which in this
case coincides with the central channel, namely Ch3. This is already reserved to the
sensing channel, thus for the reference scenario it is left empty. Figure 4.6a shows
similar performances across the channels using DA-LMS adaptive equalization
algorithm. Similar performances are also shown for MMA equalizer, in Figure
4.6b. DP-QPSK performance is not provided as the analysis focused on the higher
cardinality modulation format DP-16QAM, thus left as future work.

4.3 Cumulative sum of bit errors and moving-
average BER

Signicant results for this work are taken from a particular metric that the sim-
ulation framework already produces: the cumulative sum of bit errors FBE(n),
introduced in Section 2.6. This is represented as a time vector with a non-decrescent
behavior, one per polarization. Figure 4.7 shows a typical realization in steady-state
condition with DAS signal o, with OSNR = 13 dB, transmitting a DP-16QAM:
errors follow a stationary distribution. Instead, as follows from the analysis, when
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Figure 4.5: Received spectrum for a multichannel simulation, for both polariza-
tions

the DAS pulse interacts with the data channels, this stationary trend breaks, as
more errors are measured in coincidence with the beginning of the pulse. In general,
in low noise condition, the cumulative sum of bit errors produces a null vector, as
all bits are correctly received. With higher noise, the curve grows proportionally
to the noise power loaded. Moreover, DSP performance aects the ability to
receive data correctly. The time dependence of this metric makes it perfect for the
computation of moving-average BER, or shortly BERmov (see Eq. 2.17 and Eq.
2.18), which is one of the main contribution of this thesis. Figure 4.8 shows the
relative moving-average BER of the same scenario used for Figure 4.7, computed
with a window length Nmov = 4096 bits, for both received polarizations, and the
polarization-averaged BERmov in red.

The rst noticeable detail is that the moving-average is a noisy signal, with a
transient. The noisy characteristic is caused by the window length dimensions: a
longer window averages out noise and brings the curve closer to the mean BER
line. The transient in instead caused by a sub-optimal equalization working point
reached in the training phase. This suggests that the steady-state phase may
have a transient, which must not be ignored. The gure 4.8 shows also other
useful metrics extracted from the simulation, such as the mean BER and the
median BERmov. The mean BER (E[BERXY ] in the gure) is aected by the
amount of simulated symbols – the total bits simulated – and by extreme values.
The median BERmov, or simply BERmedian, is a more complex statistical metric,
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Figure 4.6: Mean BER versus OSNR curves without DAS pulse, for a multichannel
conguration

useful to discard extreme values. In fact, it is a reliable measure of the BER oor
reached by the converged equalizer, as more resilient to deviations like the transient.
Another interesting value to extract is the maximum moving-average BER, or
shortly BERmax. This value is computed taking into account the possible transient
that the moving-average BER can have at the beginning. Therefore, a rened
computation looks for the maximum after a dynamic number of bits, skipping
the transients if necessary. The dynamics is dictated by the previously described
metrics. Assuming that the convergence is held for at least half of the simulated
symbols, the transient ends when BERmov reaches values near BERmedian. The
computation takes into account unexpected behavior reverting the computation to
the whole time window.
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Figure 4.8: Moving-average BER plot per polarization (blue and light blue), aver-
age polarization BERmov (red), with the mean BER (black), the theoretical limit
(green), the median BERmov (brown) and the maximum BERmov in convergence
regime (purple).
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Chapter 5

Analysis of data performance
and coexistence conditions

This chapter examines in depth the behavior of a metro DWDM coherent system
and a DAS sensing system, in particular evaluating the performance impact induced
by the co-propagating in-band chirped probe pulse on the data channels in the
C-band. The multitude of available parameters makes it dicult to carry out
an exhaustive investigation of the conditions under which coexistence is possible.
Therefore, the approach adopted in this chapter considers the main parameters of
interest across the entire DAS and DWDM system, varying them systematically
under controlled and xed conditions, thereby making it possible to isolate the
eect attributable solely to the variable under examination. Please, refer to the
appendix A for all the dened parameters and their value range.

5.1 Adding DAS pulse to reference scenario

In the previous Section 4.2, the performance of a reference scenario are provided
in terms of mean BER versus OSNR curves, for a single channel and for a WDM
comb of four channels. To give the analysis a starting point, this section analyses
the same single channel scenario adding the DAS probe pulse at the input of
the ber, simulating the co-propagation with the single data channel. The probe
pulse is simulated so that the receiver can reach a stable working point after the
equalization training phase before the DAS pulse is being transmitted. The pulse
characteristics are listed in Table 5.1. The simulated scenario includes the OADM
and EDFA for the DAS pulse branch, therefore the power is amplied from the
generation peak power PDAS, launch to the nal power PDAS which will be inputted
to the ber.

33



Analysis of data performance and coexistence conditions

-100 -50 0 50 100

Rel. Frequency [GHz]

-180

-175

-170

-165

-160

-155

-150

-145

-140

-135

P
S

D
 [

d
B

/H
z
]

x-pol

-100 -50 0 50 100

Rel. Frequency [GHz]

-180

-175

-170

-165

-160

-155

-150

-145

-140

-135

P
S

D
 [

d
B

/H
z
]

y-pol

RX spectrum
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(b) Received spectrum with DAS pulse.

Figure 5.1: Received spectra at the entrance of DEMUX with DAS pulse o and
on, for both polarizations.

Table 5.1: Initial DAS parameters

Parameter Symbol Value/Range

Optical

CW laser power PDAS, launch 10 dBm

Laser linewidth ∆νDAS 100 kHz

DAS power on ber PDAS 13 dBm

Polarization angle θpol 45°

EDFA noise gure FDAS 5 dB

Pulse design

Duration (FWHM) TDAS 100ns

SG shape order mDAS 4

Chirp bandwidth ∆fchirp 500 MHz

Figures 5.1a and 5.1b show the PSD of the simulated DWDM system with
one data channel on the right side and the reserved sensing channel on the left
side, spaced by 50 GHz. The PSD indicates the average power for each spectral
component through the entire simulation time window, therefore the DAS peak
power is shown having lower mean power than the channel, even though its peak
power is at 13 dBm. The spectrum is shown as a function of the relative frequency
of the complex-envelope signal, referenced to the central frequency of the simulated
WDM comb, and computed over a simulation bandwidth larger than the minimum
required by the simulator. This is done to prevent unexpected aliasing problems
during propagation, which would aect negatively channel performances. Another
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Figure 5.2: BER versus OSNR using mean BER, with and without DAS pulse,
single channel congurations.

interesting fact that can be noticed on the Figure 5.1b is that the DAS pulse
is balanced perfectly between the two polarizations, achieved with the linear
polarization angle of 45 degrees at the transmitter. Considering only mean BER,
performances are similar to the case without DAS pulse. Figure 5.2a shows the
overlapped mean BER over loaded OSNR curves, suggesting that for DP-QPSK, the
OSNR penalty is negligible. For DP-16QAM, Figures 5.2b and 5.2c show the same
behavior. However, the mean BER provides an average performance of the entire
simulation window. Indeed, BERmax versus OSNR gures tell a dierent story. As
shown in Figure 5.3a, where the channel adopts the DP-QPSK modulation format,
the resulting osnr penalty with respect to the BERmax computed without DAS is
small, indicating that this modulation format is more resilient to this disturbances,
whilst Figures 5.3b and 5.3c show instead a signicant OSNR penalty for DP-
16QAM, meaning that this is a more critical format. By comparing them, we can
conclude that the modulation format and the type of equalizer impact signicantly
the OSNR penalties. The results run with DP-16QAM suggest that with a pulse
peak power of PDAS = 13 dBm, the OSNR penalty computed with BERmax

with respect to the DAS-o case is in the range of 1-2 dB at the BER threshold
BERt = 2 · 10−2, increasing with the lower thresholds, while with DP-QPSK the
penalty is marginal.

Figure 5.4a shows an excerpt of the simulated symbols in the I/Q plane at
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Figure 5.3: BERmax versus OSNR, with and without DAS pulse, single channel
congurations.
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(a) Scattering with DA-LMS equalizer.
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(b) Scattering with MMA equalizer.

Figure 5.4: Scattering of x-axis DP-16QAM received signal in presence of DAS
pulse, with minimal noise loaded, after CPE, temporally color-coded expressed in
percentage of total pulse duration.

36



Analysis of data performance and coexistence conditions

5.5 6 6.5 7 7.5 8 8.5

Received symbol index #10
5

-3

-2

-1

0

1
U

n
w

ra
p

p
e

d

p
h

a
s
e
 X

Y
 [

ra
d
]

Figure 5.5: Unwrapped recovered phase averaged on the two polarizations for
each symbol, for a pulse peak power PDAS = 18 dBm.

decision stage for the x-axis polarization, received with DA-LMS equalized receiver,
under negligible noise conditions. They are extracted from the portion of the
received signal which is aected by the DAS pulse, and they are color-coded
temporally with respect to time elapsed from the beginning of the pulse, expressed
as a percentage. The symbol clouds are more spread during the rst ∼ 50% of
the sequence and progressively converge towards the center thereafter. Figure 5.4b
shows instead the same scenario but with the MMA equalized receiver, on the
same excerpt. The behavior is similar: at the decision stage, DAS pulse induce
a spreading of the symbols in the I/Q plane. To highlight the phase impairment
induced by the pulse, gure 5.5 shows the unwrapped phase estimation extracted by
the CPE stage, averaged in the received polarization basis, but with a peak power
of PDAS = 18 dBm, leaving all the other parameters unchanged: the central spike
correspond to the phase compensation that the CPE stage estimates in presence of
the DAS pulse.

Recently, an ITU-T recommendation [22] was released specifying that the
maximum acceptable OSNR penalty on data channels caused by the addition of
the sensing system is 0.1 dB. This is a very strict requirement to comply with for
the co-propagation scenario, where data and probe pulse propagates in the same
direction. Since the DP-16QAM is more sensitive to phase disturbances induced
by the probe pulse, the subsequent analysis is focused mostly on this modulation
format.

Impact of OADM and EDFA from DAS branch

This work brings a contribution to the DAS branch, consisting in the model of the
OADM and an EDFA amplier for the DAS pulse. The main reason that pushed
towards the addition of both elements was to rene the simulation environment with
realistic elements found in real experiments (carried out the university laboratories).
As seen in the schematic shown in Figure 4.1, in Chapter 4, the amplication stage
takes the prove pulse at PDAS, launch and amplies it to the nal power PDAS. The
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Figure 5.6: BERmax versus OSNR, with and without EDFA+OADM.

OADM applies a 4th order SG pass-band lter of B3dB = 40 GHz to the signal to
add, namely the DAS pulse, and a band-stop lter with the same characteristics to
the DWDM comb, centered in the sensing channel. Such approach clears the DAS
pulse from spurious noise, ltering out the unwanted high frequency components,
and also clears the destination DWDM channel where the DAS system is placed.
To show the dierence between the old architecture and the newer one in terms of
performance of data channels, two DAS-on scenarios are depicted in the Figure
5.6, along with the DAS-o performance reference: the (blue) BERmax over OSNR
curve is produced with the newer architecture, while the (green) curve is produced
with the older one. Both scenarios imposes a DAS peak power at the entrance of the
ber of 13 dBm. To achieve the same DAS peak power in the scenario without the
addition of the EDFA amplier, the parameter PDAS and PDAS, launch are set to the
same value of 13 dBm, thus the probe pulse is generated and transmitted with the
same peak power, while the OADM-related processing is simply skipped with a ag
value. The receivers for all the curves in the Figure 5.6 uses DA-MMA/DD-MMA
equalization for respectively training and steady-state equalization phases (see
Section 4.1.1). As shown in the gure, the BERmax versus OSNR curves with DAS
almost overlap, indicating that under the tested conditions the OADM and EDFA
do not worsen the OSNR penalty.
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5.2 Parametric analysis

The following analysis reports the results gathered through the thesis, declaring
the specic congurations used to produce them. The main parameters of both
systems are varied for evaluating their impact on the considered performance
metrics, paying specic attention to the DAS pulse characteristics, such as peak
power, FWHM duration, SG shape, polarization and chirping. Transmission-side
parameters are examined in this study, including channel spacing, number of
channels, modulation format and propagation conditions. Particular emphasis is
placed on the conguration of the receiver-side DSP settings, which yielded to
critical insights into design strategies that foster eective coexistence. Among the
receiver-side parameters, this study examined the equalizer conguration, the CPE
memory, and the moving BER metric related window length.

5.2.1 DAS pulse parameters

The subsequent analysis is dedicated to the DAS pulse parameters. The Table A.2
in Appendix A gathers all the design parameters providing their typical value for
the simulated scenarios, and the investigated range.

DAS peak power

The parameters PDAS,launch and PDAS aect the peak power of the DAS pulse: the
former is imposed at generation, while the latter is the nal peak power. The
presented scenario for this analysis models the DAS pulse with: TDAS = 100 ns,
mDAS = 4, ∆fchirp = 500 MHz, in the single channel case, while PDAS,launch is left
to 10 dBm. The link characteristics are in line with the typical values reported in
Table A.1: L = 50 km and ∆PMD = 0.05 ps km−1/2. Figure 5.7a shows the mean
BER versus OSNR curves varying the DAS peak power for the DA-LMS receiver.
The trend is simple: an higher DAS peak power produces more errors, thus more
OSNR penalty. Mean BER measurements are aected by the simulation time
window, indeed BERmax was introduced to resolve the peak moving-average BER.
BERmax versus OSNR curves are provided in gure 5.8a. As expected, maximum
BER measurements are worse than the mean BER, for both reference curve, with
DAS pulse o, and examined scenario with DAS pulse on, as well as the OSNR
penalties. Figures 5.7b and 5.8b show the mean BER and BERmax measured
with the MMA receiver for the same scenario. Mean BER versus OSNR curves
are slightly better then the DA-LMS ones, while maximum BER is signicantly
worse. Figure 5.9 shows an excerpt of the unwrapped recovered phase evolution,
averaged on the two received polarizations, for PDAS equal to 14, 16, and 18 dBm.
To highlight the eect of the pulse power, multiple pulses are intentionally inserted.
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Figure 5.7: Mean BER versus OSNR curves for one channel, varying PDAS.
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Figure 5.8: BERmax versus OSNR curves for one channel, varying PDAS.
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Figure 5.9: Unwrapped recovered phase averaged on the two polarizations for
each symbol, for three values of PDAS and ve evenly spaced pulses.

In this way, it can be noticed that the induced phase rotation is proportional to the
peak power, and it is similar for each pulse for a xed peak power. This behavior
matches the theory, as the phase term induced by the XMP is proportional to the
instant power.

Pulse duration

The parameter that controls the pulse duration is TDAS. This has been studied in
dierent congurations of the other parameters, using the MMA equalized receiver.
To show the typical behavior, Figure 5.10a depicts the BER versus OSNR curves
of BERmax over OSNR, with PDAS = 13 dBm, ∆fchirp = 500 MHz and mDAS = 4.
Figure 5.10b shows instead the moving-average BER measured in the cases of 100
ns and 5 µs, further smoothed with a moving window for visualization purposes.
For tested values of TDAS, the performances improves with the increase of the
pulse duration. Interestingly, for 5 µs, the moving BER bumps twice, instead
of a single time as in the 100 ns case. This suggests that the penalty is related
to the rise and fall edges of the pulse, more specically to the time derivative of
PDAS(t). In addiction, BERmov for 5 µs takes its maximum way lower than the
100 ns, which happens regularly at dierent OSNR. Considering a BER threshold
of 1 · 10−2, lengthening the pulse from 100 ns to 5 µs makes the coexistence possible.
Figure 5.11 shows the recovered phase from CPE stage: the phase deviation is

sustained during the whole probe pulse. In fact, pulses bump the recovered phase
proportionally with their duration. The magnitude of the recovered phase is the
same for each TDAS case, as traces overlap in the central region, meaning that its
quantity is independent of the duration, which is in accordance with theory (Eq.
2.10). Combining the two information about PDAS and TDAS in the Figures 5.12a
and 5.12b, a longer pulse duration reduce the OSNR penalty, regardless of the peak
power.
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Figure 5.11: Unwrapped recovered phase averaged on the two polarizations for
each symbol, varying TDAS.
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Figure 5.12: BER versus OSNR curves for two values of TDAS, varying power.

SG shape order

The super-Gaussian shape order is introduced in Eq. 4.1 as the design variable m.
Its values are positive integers, and when m = 1 the Super-Gaussian degenerates to
a Gaussian shape. For higher values, its shape approximates a rectangular shape,
which has been proved to induce nonlinear disturbance [18]. Its impact on data
performance is reported with two gures in dierent scenarios. Figure 5.13a shows
the mean BER versus OSNR curves of a DA-LMS equalized receiver in presence of
a 100 ns chirped pulse, with PDAS = 17 dBm, and chirp bandwidth of 500 MHz.
Figure 5.13b shows instead curve using BERmax for a more relax scenario using the
MMA equalizer receiver: PDAS = 13 dBm, TDAS = 5µs. The behavior is evident
for both gures: higher SG orders induce higher OSNR penalties. For the same
FWHM duration, an higher SG order pulse has steeper rise and fall edges (see
Figure 4.2a): the OSNR penalty is then related to their steepness.

Chirp bandwidth

The design parameter that quanties the amount of occupied bandwidth due to
chirping is reported in Table A.2 as ∆fchirp. Preliminary studies have focused on
the average BER in scenarios with dierent bandwidths. Figure 5.14a shows a mean
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Figure 5.13: BER versus OSNR curves using two dierent equalizers, sweeping
mDAS parameter on dierent set of values.

BER versus OSNR curve from a scenario with DAS power 20 dBm, second-order
SG and a duration of 100 ns, link length L = 25km, with a DA-LMS equalized
receiver: for the values tested, the trend is independent of the chirp bandwidth.
As the study progressed, the same behavior was demonstrated by the BERmax

metric, as shown in Figure 5.14b. The latter was generated by a scenario with a
receiver with the MMA equalizer, DAS power of 13 dBm, fourth-order SG, and a
pulse duration of 5 microseconds, setting L = 50 km. Under completely dierent
conditions, the results show again an independence from the chirp bandwidth. This
is perfectly in line with the formulation of the XPM shown in Eq. 2.10 depends
solely on the intensity of the other electric elds.

Polarization angle

In all the simulation presented so far, the DAS pulse is designed to be generated
with a linear polarization, where θpol controls its alignment with the reference
axes of the data channels. This angle was investigated using 100 ns, 2nd order
SG shaped pulses, chirped with a 9 GHz bandwidth, at a peak power of 22 dBm,
employing two dierent PMD coecients, and employing a DA-LMS equalized
receiver. The result is shown in Figure 5.15, which displays already the OSNR
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Figure 5.14: BER versus OSNR curves using two dierent scenarios, sweeping
∆fchirp parameter.
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penalty at BERt = 2 · 10−2 as a function of the linear polarization angle θpol, with
respect to the DAS-o case. The gure also includes the simulated trace obtained
by solving Manakov’s equations, which averages birefringence eects. The general
behavior shows that the largest penalty occurs at 45°, i.e. when the probe is equally
projected on both polarization axes, whereas the minimum penalty is observed at
0° and 90°, i.e. when the pulse is fully aligned with one of the data polarization
axes. The simulated trace with a higher PMD coecient shows a reduction of
the central peak, while leaving the extremes virtually unchanged. On the other
hand, the trace simulated using Manakov’s equations exhibits a smaller variation
between its maximum and minimum, while maintaining a similar overall prole.
This behavior is explained by the Manakov model itself, which naturally averages
cross-polarization components during propagation, simplifying the computation
and approximating the real behavior, which is more accurately described by the
other two traces, produced resolving the NLSE.

Multiple pulse simulations

This kind of simulations where initially made to approximate a worst-case BER
value using the mean BER metric, as it was the only available one. The key idea is
to load the simulation window with Ntrain pulses spaced by a Tgap nanoseconds,
lling entirely the available window. Figure 5.16 shows a multi-pulse simulation
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Figure 5.16: Average BER for 45 DAS pulses as a function of OSNR for dierent
DAS peak power. Inset: moving BER over received bits for PDAS=14 dBm and
OSNR=15.6 dB (red square marker).
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varying the pulse peak power, including an inset gure of the moving BER of
the case highlighted in the red square marker, for OSNR equal to 15.6 dB. The
design parameters used for this scenario are: TDAS = 100 ns, ∆fchirp = 500 MHz,
mDAS = 4, Tgap = 150ns, with MMA equalizer. The duty cycle computed as
TDAS/(TDAS + Tgap) is 40%, which is much larger than the characteristic value of
real applications. This was a reasonable methodology, since the simulator window
could not be lengthened more than a few microseconds due to resource limitation.
Therefore, squeezing as many DAS pulses as possible in the simulation time window
pushed the receiver DSP at its limits, producing a worst-case mean BER that
tries to mimick the one that would create post-FEC errors inside the DAS pulses.
Unfortunately, for high pulse peak powers, the receiver equalizer compensates for
multiple strong disturbance in a reduced amount of time. This often resulted in
a lost of convergence of the equalizer, making the measurement less reliable. In
Figure 5.16, the plateau visible for higher pulse peak power, at higher OSNR, is
due to this eect.

5.2.2 Transmission and channel parameters

This section is dedicated to the parameters listed in the Table A.1: transmitter,
DWDM related and channel characteristics.

Channel power

The parameter that controls the average channel power is Pout,iCh, as shown in
Table A.1. Few values were investigated at the beginning of this thesis, reported
in the Figures 5.17a and 5.17b as Pch, equal for every channel: no benet was
observed from increasing the power, instead a slight penalty can be measured in
multichannel scenarios. Figure 5.17a shows four superimposed BER versus OSNR
curves, calculated in a scenario with a DAS pulse having a peak power of 17 dBm,
SG order mDAS = 4, chirp bandwidth of 500 MHz, a pulse duration of 100 ns, and
25 km of SSMF with no linewidth on the data channels. This gure suggests that
the mean performances are independent of the channel power parameter. Figure
5.17b shows instead the OSNR intercepted at the threshold BERt = 2 · 10−2 in
a similar scenario as before, but with four data channels, having the the central
channel reserved for the DAS sensing system. The OSNR penalty between solid
and dashed curves is mainly due to the presence of the DAS pulse. However, both
curves in DAS on and o conditions share a particular trend: the OSNR penalty
increases as the mean channel power grows. This is a reasonable behavior as in
multichannel scenarios the phase disturbance due to XPM and SPM start to rise
(see Eq. 2.10).
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Figure 5.17: Performance curves for dierent Pch in single channel and multi-
channel scenarios.

Channel spacing

The channel spacing controls the spectral distance between the central frequencies
of the channels: a lower channel spacing squeezes the channels into a narrower
bandwidth. The design parameter involved in the simulator is ∆f . The performance
assessment was investigated in the early stages of the thesis, using the DA-LMS
equalized receiver, looking at average BER. The DAS pulse features a peak power
ranging from 15 dBm to 20 dBm, xing TDAS = 100 ns, ∆fchirp = 500 MHz, and
mDAS = 2. The transmitter was designed to add OSNRT X = 40 dB, without laser
linewidth. Moreover, neither OADM nor EDFA was modeled specically for the
DAS branch. Figure 5.18a depicts the BER versus OSNR curves for several channel
spacings, with PDAS = 17 dBm, including the Nyquist spacing Rs ·(1+ρ) considered
the lower spacing limit. All traces overlaps, suggesting an independence of this
parameter to the OSNR penalty. Figure 5.18b shows the received spectrum of the
WDM comb for ∆f = 36.8 GHz, demonstrating that at the minimum (Nyquist)
spacing, coexistence is still independent of the channel spacing.
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PMD coefficient

The PMD coecient ∆P MD was previously tested for 0.05 and 0.5 ps/
√

km for
the DAS polarization angle, proving that a linearly polarized probe pulse aligned
with one of the two axis produce a lower penalty. To highlight this eect with a
dierent perspective, Figures 5.20a and 5.20b depict the cumulative sum of bit
errors, aggregated for each received symbol, in very singular conditions: low loaded
noise, PDAS = 20 dBm, with mDAS = 50 in order to reduce to zero the pulse tails
duration, and TDAS = 100 ns. For Figure 5.20a, the PMD coecient was set to
0.05 ps/

√
km, which is a typical value for SSMF bers, while for Figure 5.20b it

was set an exaggerated value of ∆P MD, equal to 0.5 ps/
√

km. The steep increase is
caused by the DAS disturbance. Instead, the at regions corresponds to a perfect
bit reception, i.e. without errors, at the beginning and at the end of the simulated
sequence. A very high value of the PMD coecient lead to a more homogeneous
distribution of errors between the two polarizations. In fact, the two stationary
levels for X and Y polarization traces at the end of the gures are closer for the
case of 0.5 ps/

√
km.
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Figure 5.20: Cumulative sum of bit errors, for two values of ∆P MD.
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Fiber length

The ber length is modeled by the parameter L. This has been investigated using
DA-LMS equalized receiver, with PDAS = 17 dBm, mDAS = 2, TDAS = 100 ns, and
∆fchirp = 500 MHz. Figure 5.21a and 5.21b show the mean BER versus OSNR
curves varying the ber length, both for DAS o and on scenarios: a visible penalty
is measured and reported also for two BER thresholds in Figure 5.22. It is worth to
notice that the penalties grow higher for the rst 50 km, saturating for the rest of
the other lengths. This suggests that the higher nonlinear contribution is generated
in the rst tens kilometers, where the power of the probe electric eld is still higher
enough to interfere with the other channels, in line with the zeff behavior described
in Eq. 2.8, and appearing also in the XPM formulation in Eq. 2.10.
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Figure 5.21: Mean BER versus OSNR curves using DA-LMS for variable ber
length.

Multi-channel simulations

Several parameters were investigated in a multi-channel scenario, while varying
the DAS design characteristics. Moreover, the MMA equalization parameters used
for these results were adjusted to a conguration that reduced the OSNR penalty:
µ1 = 4.5 · 10−5, K1 = 100k, µ2 = 2.6 · 10−6 (see Table A.3 for reference). The DAS
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Figure 5.22: Average OSNR penalty, varying the ber length L, for two BER
thresholds.
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Figure 5.23: OSNR at BERt = 2 · 10−2, varying the probe pulse peak power.

pulse design parameters considered here are analogous to those presented in the
previous single-channel results. In particular, four scenarios are reported, obtained
by varying PDAS, TDAS, mDAS and ∆fDAS. The common conguration used in
the analysis is: PDAS = 13 dBm, TDAS = 5 µs, mDAS = 4 and ∆fDAS = 500 MHz.
The peak power was varied from 13 dBm to 17 dBm, while keeping the other
parameters xed to the common conguration. The same approach was adopted for
the other investigated parameters. Specically, TDAS was set to 0.1 µs, 1 µs, 5 µs,
and 10 µs; the SG order was varied among the 1st, 2nd, 4th and 8th orders; nally,
the probe pulse was tested without chirping (0 GHz) and for 0.5 GHz, 2 GHz and
8 GHz chirping bandwidth. In all cases, the multichannel conguration with four
surrounding data channels does not introduce a signicant additional penalty with
respect to the single-channel results. This conrms that the main impairment is
still governed by the DAS pulse characteristics and by the receiver settings. Future
work may extend the same analysis to a larger number of data channels in order to
assess whether the observed trend remains valid in denser DWDM congurations.
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Figure 5.24: OSNR at BERt = 2 · 10−2, varying the pulse duration.
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Figure 5.25: OSNR at BERt = 2 · 10−2, varying the DAS SG shape order.
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Figure 5.27: BERmax versus OSNR curves, for DP-QPSK.

DP-QPSK results

Previous results are focused on the DP-16QAM modulation format, since it is
more critical than the DP-QPSK. The QPSK is a simpler format, with 4 possible
symbols, each carrying 2 bits instead of 4 as 16QAM. The dual-polarization feature
provide two identical symbol stream in the two orthogonal polarizations with the
same format. Two remarkable results obtained with the DP-QPSK are shown in
Figures 5.27a and 5.27b, highlithing that the QPSK is highly resistant to high phase
distortions, as BERmax versus OSNR curves are closer to the reference curves with
respect to how the DP-16QAM curves do with 16QAM theoretical curve. Therefore,
the coexistence between DP-QPSK channels and the DAS system is less stringent
than higher-order QAM modulation formats.

5.2.3 DSP parameters

This section is devoted to the DSP parameters listed in Table A.3, namely the
receiver tuning parameters and the moving-average window length. One of the
motivations for investigating the receiver parameters arose during the analysis
of the pulse-induced impairment. Considering the Figures 5.20, the span of the
DAS pulse in terms of transmitted symbols can be estimated as: Rs · TDAS =
32 · 109 · 100 · 10−9 = 3200 symbols. Assuming that the probe pulse starts when
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Figure 5.28: Cumulative sum of bit errors for two PMD coecients, delimiting
the symbols directly aected by the pulse.

the cumulated error curves begins to increase, the 3200 symbols are contained
between the two vertical red lines in Figures 5.28a and 5.28b. In both cases, the
pulse duration is shorter than the full rising region observed in the gures This
suggested that the DAS probe pulse aects the receiver correction capability even
after the pulse has ended, likely because of the memory of the adaptive DSP
stages. The observed concave trend, followed by a at region after the end of
the pulse, suggests that the disruptive eect is progressively compensated over
time. Subsequent investigations conrmed that the receiver parameters signicantly
inuence the recovery from the strong phase noise induced by the DAS pulse. The
results discussed in this section are included in the submitted work [23].

DD-MMA step-size

Among the receiver parameters that can aect its performance, particular attention
was paid to the equalizer step-size. Specically, the MMA equalizer was examined,
testing several step sizes of the DD-MMA, used in the steady-state phase (µ2 in the
Table A.3), while xing the DA-MMA step-size to 4.5 · 10−5 for the training phase.
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Figure 5.29: Maximum moving BER as function of the DD-MMA step-size.

An interesting result is depicted in Figure 5.29, where the black line correspond to
the BERmax metric computed without the DAS pulse, xing the OSNR to 15 dB,
while the red line refers to the same scenario adding a probe pulse with TDAS = 5 µs,
PDAS = 13 dBm, ∆fchirp = 500 MHz and mDAS = 4. When DAS is o, higher
step-sizes force the equalizer to converge to a worse solution for data reception,
as the maximum BER increases. On the contrary, when DAS is on, maximum
BER decreases up to a certain point where it reaches near DAS-o performances,
sensibly reducing the BER gap. This trend implies that DAS compliance depends
heavily on the equalizer settings, giving better results for higher step-sizes. Clearly,
the best step-size for coherent receivers in a DAS+DWDM system does not coincide
with the optimum for data transmission only.

CPE memory

The CPE memory parameter, shown in Table A.3 as NCP E, is responsible for
estimating the phase of the received symbols: a large memory allows for a more
precise estimate, but reduces the ability to respond correctly to sudden phase
changes; conversely, a small memory makes the phase estimation noisier, whilst
remaining responsive to rapid changes. As for the equalizer step-size investigation,
the scenario involves a 4th order SG probe DAS pulse with TDAS = 5 µs, PDAS =
13 dBm, ∆fchirp = 500 MHz, keeping the OSNR set to 15 dB with the noise loading.
The algorithm for phase estimation and compensation is the Blind Phase Search,
aided with pilot symbols (detailed parameter settings in Table A.3). The results
shown in Figure 5.30 exhibit an optimum BERmax from 40 and 300 symbols in
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Figure 5.30: Maximum moving BER for dierent CPE memory.

both cases with or without coexistence with DAS. Outside this range, BERmax

increases for both scenarios, thus independently of DAS eects.

Moving-average BER window length

In Eq. 2.18, the moving BER is dened as the variation of FBE(n) over a bit window
of length Nmov, the last parameter considered. If the window length equals the FEC
block length, each moving BER value closely estimates the pre-FEC BER of the
corresponding FEC block. Thus, the maximum moving BER, BERmax, reasonably
estimates the worst-case pre-FEC BER and can be compared with the FEC code’s
BER threshold to assess the likelihood of post-FEC errors. Figure 5.31 shows
BERmax versus OSNR for Nmov = 4096 bits (red) and Nmov = 172032 bits (blue),
taken from [24], with the probe pulse on and o. The DAS settings are as in previous
sections: PDAS = 13 dBm, TDAS = 5 µs, mDAS = 4, and ∆fchirp = 500 MHz. The
average BER without the DAS pulse is also shown for comparison. The inset
reports the moving BER traces, using the same color code as the BER versus
OSNR curves for the DAS-on cases, zoomed on the DAS-aected segment at 15
dB OSNR; the average BER appears as a black dashed line superimposed on the
two traces. As discussed in Section 4.3, BERmov is a noisy trace. The curves in
the inset show that a larger bit window produces a smoother BERmov trace with
smaller variance. When DAS is on, the maximum moving BER measurement is
inuenced by three components: the phase disturbance from Kerr nonlinearity due
to the high-peak-power DAS pulse, the residual penalty from adaptive equalizer
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instability, and case-dependent noise measurements. A large Nmov spreads the
burst errors caused by the probe pulse over more bits, reducing the moving BER
peak during the pulse, and pulling the moving BER oor closer to the average BER,
lowering also the noise measurement contribution. Consequently, when comparing
the average BER without DAS to maximum moving BER traces, the OSNR penalty
is smaller for a larger window. This average-versus-maximum comparison is useful
to visualize how the DAS-induced OSNR penalty changes with the FEC block
length in absolute terms, but it does not isolate the pulse-induced eect from
the window-length bias of the BERmax metric. The mean BER is computed over
the whole simulated bit sequence, averaging out most uctuations, while BERmax

combines the real DAS-induced impairment with the statistical variance ination of
a small estimation window, systematically overestimating the OSNR penalty when
computed with respect to the mean BER. Instead, the approach adopted in this
work compares BERmax with the DAS pulse on to BERmax with the DAS pulse
o, which yields a more consistent estimate of the DAS-induced penalty alone. As
shown in Fig. 5.31, the window length aects the DAS-on and DAS-o curves in a
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similar way, so that this bias largely cancels out in the OSNR penalty computation,
leaving predominantly the impairment introduced by the probe pulse itself.

5.3 Analysis summary

The outlined analysis focused on the whole simulator architecture, revealing the
most impactful parameters for the coexistence of the sensing and data transmission
systems on the same ber. In light of the whole analysis, we can conclude that the
OSNR penalty in presence of the DAS pulse decreases:

• for a lower DAS pulse peak power;

• for a longer DAS pulse FWHM duration;

• for a smaller DAS power variation in time (small d|EDAS(t)|2/dt), thus for
lower SG order shapes;

• if the DAS pulse is polarized in one of the two transmitted polarization axes;

• with a shorter ber span length;

• for a simpler transmitted constellation;

• if the adaptive equalization compensate with an higher step-size factor;

• for a wider FEC-block length.

The parameters that did not result in any penalties in the transmitted data due
to the presence of the DAS pulse are: the DAS chirp bandwidth ∆fchirp up to
10 GHz, the mean channel power Pout, iCh, the channel spacing from 36.8 GHz to
200 GHz for the single channel scenario, the PMD coecient, apart of a small
improvement for highly birefringent bers for 45 degrees polarized DAS pulse, the
number of channels (up to 4), and the CPE memory. It is crucial to note that
the absence of penalties on the transmitted data does not automatically imply
that the analyzed parameter is completely independent of the transmissions. More
likely, the invariance stems from the limitations of the scenario, and therefore, if
the simulations were repeated under dierent conditions, penalties might arise.
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Chapter 6

Conclusions and future work

This thesis investigated the possibility for a DAS sensing system to coexist with
a metro DWDM coherent transmission system within the same communication-
dedicated ber infrastructure. With respect to the majority of the studies already
present in literature, mostly focusing on the experimental assessment of the coexis-
tence analysis, this work proposed a more controlled approach varying parameters
belonging to the whole simulated architecture, showcasing the impact of each
one on the data channels. The employment of a numerical simulator constitutes
a signicant contribution to the DFOS topic, which allowed the adoption of a
systematic approach evolved and rened as the analysis was being carried out,
developing more sophisticated tools and metrics suitable for this study. Concerning
the novel metrics, under careful window dimensioning, the moving-average BER
time-resolves the receiver performances at the end of the reception DSP chain, em-
ulating the pre-FEC BER in-time evolution. Further rening lead to the BERmax

metric, which in presence of the probe pulse reasonably approximates the worst-case
pre-FEC BER, capturing the DAS-induced performance loss, aected also by the
receiver response behavior, investigated for multiple congurations. Regarding the
DAS interrogator branch, this work integrated the EDFA and OADM models for
signal amplication and addition to the DWDM comb, providing a more realistic
representation of real-world conditions and demonstrating that data transmission
performance does not degrade with the insertion of these components.

Based on the observed results, the coexistence is possible in the co-propagating
setup, provided that strict design limitations were respected, in particular for what
concerns the receiver DSP parameters and the DAS pulse shape properties. The
strict specication of 0.1 dB maximum OSNR penalty on data channels strongly
limits the possible congurations, making the coexistence challenging, or almost
impossible for high-performance data channels. The outlined analysis evidences
several trade-os between sensing and data channel requirements, not to mention
that all the DAS-pulse-related parameters aect the sensing system capabilities in
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terms of DFOS performance metrics, listed in Section 3.5. By way of example, a
lower DAS pulse peak power improves data channel performances, while worsening
the SNR for the sensing channel, which limits the system range, thus it is a good
solution for short-range links. A longer link length requires more power from the
DAS interrogator to be injected into the ber, leading to a pronounced OSNR
penalty on data channels from both L and PDAS. The only DAS pulse related
parameter whose variations did not show any negative impact on the data channels
is the chirp bandwidth. This conrms that the chirped pulse is an eective solution
for reducing the complexity of the interrogator, without either decreasing DAS
sensing performance or further disturbing data channels.

These results open multiple in-depth research directions, some already antici-
pated in the thesis. On the DAS pulse design, a natural rening of the chirping
function consists in the extension of the linear chirp even in the tails, as in rst
approximation they were left with xed chirping frequency. Another idea for the
DAS interrogator branch design is the addition of a Variable Optical Attenuator
(VOA) before the OADM, which enables control of the DAS pulse SNR with respect
to ASE noise by adjusting the pulse peak power to the target value PDAS. In
terms of the performance analysis, the investigation can be extended to the more
resilient DP-QPSK modulation format for single and multiple channels, as well as
populating the DWDM comb with more than 4 data channels. For what concerns
the 0.1 dB OSNR penalty threshold introduced by ITU-T, a complete analysis may
include more practical design mitigation techniques by exploring other forms of
DAS sensing, such as coded DAS, which is attracting telecommunication operators
interest as demonstrated to improve DAS sensing SNR [25].
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Appendix A

Simulation parameters

This section contains the tables of simulation parameters of the transmitter side,
ber model, DAS probe pulse design and receiver side are provided. The values
take into account all the simulated scenarios, reporting typical values and ranges.
Refer to these tables if any parameters have been omitted from the congurations
in the previous chapters.

Table A.1: Simulation parameters – Transmitter and ber settings

Parameter Symbol Value/Range Notes

Transmitter

PRBS sequence length Lp 0.5Mb–2.2Mb Calibrated to avoid overloading
server resources

Modulation format – – DP-QPSK, DP-16QAM

Ch. symbol rate Rs 32 GBaud Per channel

Ch. mean launch power Pout, iCh 0–3 dBm Typical value: 0 dBm

Transmitter OSNR OSNRT X 40, ∞ dB Noise added at TX side

TX laser linewidth ∆ν 0, 100 kHz

WDM

Number of channels Nch Up to 5 Total WDM channels, includ-
ing DAS

Channel spacing ∆f 30–200 GHz Typical value: 50 GHz

Rollo ρ 0.15 Typical value for modern trans-
mitters

Fiber span

Attenuation α 0.2 dB/km

Nonlinear coefficient γ 1.3 (W km)−1

(continued on next page)
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(continued from previous page)

Parameter Symbol Value/Range Notes

Chromatic dispersion β2 −21.285 ps2/km

PMD coefficient ∆PMD 0.05, 0.5 ps km−1/2 Ignored when Manakov equa-
tions are solved.
Typical value 0.05 ps km−1/2

Link length L 5–80 km Single span; typically set to
50 km.

EDFA noise gure Fspan 5 dB End-of-span amplier

Noise loading OSNRRX 5–20 dB DP-16QAM: 12–20 dB;
DP-QPSK: 5–10 dB

Table A.2: Simulation parameters – DAS

Parameter Symbol Value/Range Notes

OADM

Filter bandwidth BOADM 40 GHz FWHM of SG lter

Filter order nOADM 4 SG order

Optical

CW laser power PDAS, launch 10–20 dBm Typical value 10 dBm

Laser linewidth ∆νDAS 100 kHz

DAS power on ber PDAS 11–22 dBm

Polarization angle θpol 0–90° Typical value 45°

EDFA noise gure FDAS 5 dB EDFA after DAS interrogator

Pulse design

Duration (FWHM) TDAS 100ns – 50µs

SG shape order mDAS 1–10, 50 Typical value: 4

Chirp bandwidth ∆fchirp 0–10 GHz Typical value: 500 MHz

Multiple pulse

Number of pulses Ntrain 45 Scenario specic – ignore unless
specied

Time gap Tgap 150 ns Scenario specic – ignore unless
specied
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Table A.3: Simulation parameters – Receiver

Parameter Symbol Value/Range Notes

Filtering

Shape – – Super-Gaussian

SG order mSG, RX 8

Bandwidth (3dB) BW3dB Rs(1 + 0.4) Prevents distortion at channel
band extremes

Equalizer: DA-LMS (DP-16QAM only)

Algorithm – da-lms / da-lms Training / steady-state

Number of taps Ntaps 24

Training step size µ1 8 × 10−4

Steady-state step size µ2 1 × 10−5

Training samples K1 20k

Steady-state samples K2 ∞ Until sequence ending

Equalizer: CMA (DP-QPSK only)

Algorithm – cma / cma Training / steady-state

Number of taps Ntaps 44

Training step size µ1 4 × 10−4

Steady-state step size µ2 2 × 10−5

Training samples K1 50k

Steady-state samples K2 ∞ Until sequence ending

Equalizer: MMA (DP-16QAM only)

Algorithm – da-mma / dd-mma Training / steady-state

Number of taps Ntaps 30

Training step size µ1 10−5–10−4 Typically set to 4 × 10−5

Steady-state step size µ2 10−7–10−6 Typically set to 8.5 × 10−7

Training samples K1 55k–100k Typically set to 55k

Steady-state samples K2 ∞ Until sequence ending

Carrier Phase Estimation

Algorithm – BPS / Viterbi-Viterbi DP-16QAM: BPS;
DP-QPSK: Viterbi-Viterbi

BPS angle step θBP S 3°

Pilot symbols overhead OHpilots 8/1024 8 pilots in a 1024 symbol block
length (∼ 0.78%)

Memory length NCPE 10–890 Typically set to 50

Processing post-simulation

(continued on next page)
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Parameter Symbol Value/Range Notes

Moving BER window
length

Nmov 4096, 172032 bits
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