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Abstract

In the dynamic landscape of telecommunications, optical networks have become
the backbone of high-speed data transmission systems, reshaping global information
flow. In response to the proliferation of data-intensive applications, there’s an
unprecedented demand for bandwidth. Optical networks effectively address this
need with their high data-carrying capacity.

To optimize and share this pervasive infrastructure, there’s a call for the pro-
gressive introduction of disaggregation and openness in optical networking. This
involves separating the control plane from the data plane, as per the software
defined networking (SDN) paradigm, enabling virtualized infrastructure slicing and
sharing. To reach this scope, open control protocols and models are crucial, as is
the optical network controller’s ability to dynamically optimize the data and control
plane. Optical networking, grounded in Wavelength Division Multiplexing (WDM)
optical circuits on a transparent optical infrastructure, requires full virtualization of
the physical layer for optimal, dynamic, and software-defined exploitation of optical
networks. Openness enables the possibility to implement an optical network digital
twin (DT). In general, the DT of a system can be defined as a set of methods relying
on data sensed from the system that allows an accurate simulation of the actual
system functionalities. So, the DT is the core for an optimized software-defined
management of a complex system. The virtualization and SDN, achieved thanks
to the DT development, allow the exploitation of Network-as-a-Service paradigm
(NaaS). NaaS enables a more agile and cost-effective network deployment, allowing
organizations to scale their infrastructure based on demand. This flexibility is
crucial, as it empowers businesses to adapt to changing requirements and market
dynamics. Moreover, the implementation of multivendor infrastructure addresses
interoperability challenges, fostering a competitive market environment. This not
only promotes innovation but also mitigates vendor lock-in, enabling organizations
to select and integrate the leading-edge solutions.

In the framework of open and disaggregated optical networks architectures,
re-configurable add/drop multiplexers (ROADMs), based on wavelength selective
switches (WSSs) technologies, providing switching at optical level, are key elements
to be inspected and analysed, in the development of an optical network DT.
Liquid-Crystal on Silicon (LCoS) spatial light modulator (SLM) technologies,
which constitute the base component of WSSs, introduce most of the Polarization
Dependent Loss (PDL) in optical systems that results in a relative degradation
of signal-to-noise ratio (SNR). Depending both on frequency and ports, the PDL
introduced by each WSS must be treated as a random variable in the vast majority
of use cases, where a full characterization of all the WSSs is not available and not
feasible. In this scenario, a worst-case value of PDL can be considered for evaluating
a conservative SNR penalty. This value is commonly provided in WSS datasheets,
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therefore the usual paradigm is to treat PDL as if it introduced the maximum
impairment. The limitation of this approach is that often the conservative estimate
of PDL is not efficient, since PDL penalty strongly depends on the optical system
and, in general, it is way lower than the conservative estimate. As a consequence,
while guaranteeing the correct system operation, the conservative approach results
in a waste of resources. Based on the previous assertions, there is the need of a
more accurate model for the estimation of PDL-induced penalty, with an accurate
and efficient estimation of the system margins.

The work of this thesis focuses on PDL mathematical modelling, deriving
statistical tools to determine a penalty in term of SNR. The clear guideline of all
the work has been the objective to provide a new tool to deal with disaggregation,
in the context of the enhancement of “GNPy” DT transmission model developed
in PLANET team of OptCom research group of Politecnico di Torino. In treating
the PDL problem, special attention has been dedicated to how PDL acts on noise
introduced along the path, since each noise contribution experiences a different
effect in term of PDL, crossing a different number of WSS. In addition, also Digital
Signal Processing (DSP) effect has been taken into account, considering that the
distortion applied on the dual polarization (DP) information signal by the PDL is
totally recovered by DSP, while noise’s distortion is not, since noise is, in general,
introduced along the path and it does not experience the entire link PDL. The
key idea behind all the developed framework is to exploit the description of PDL
effect on noise given by power transfer matrices, underlining the evolution of the
noise polarization state from the power point of view. The proposed model has
been validated through an experimental analysis carried out at LINKS Foundation
laboratories, in order to assess the goodness and the effectiveness of the adopted
paradigm. The laboratory analysis has been carried out in three steps in order to
characterize first the PDL of each device and then of the entire system. Finally,
a transceiver has been inserted and some noise sources distributed along the
considered path. In conclusion, an extensive Monte Carlo investigation has been
performed, in order to validate the mathematical model and to inspect the case
in which a large number of PDL elements are posed in cascade along a lightpath,
both when PDL is uniformly introduced by the devices, and also when its value
comes from a distribution of probability, which is the case closer to the reality.
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Chapter 1
Introduction

Optical Networks are critical infrastructures which play a significant role in modern
communications. Their massive capacity and high bandwidth availability are pivotal
in ensuring digital services in an increasingly connected world. Optical Networks
are complex systems, based on optical fibers. Their resistance to electromagnetic
interference and signal degradation, coupled with scalability, meets the evolving
needs of communication infrastructure. As internet traffic continues to surge due
to the rapid growth of connected devices, the rising demand for data-intensive
applications like video streaming, cloud computing, and Internet of Things (IoT),
along with the deployment of 5G networks [1], optical networks are expected to
handle this increasing data traffic demand. Energy efficiency is another advantage,
with optical communication consuming less power compared to traditional electronic
methods, contributing to environmental friendliness [2].

An optical network is a meshed, ring or tree topology of switching nodes
connected by a set of Optical Line Systems (OLSs). An OLS, as depicted in
Figure 2.1, is a point-to-point optical transparent bidirectional link connecting two
switching nodes [3]. Transparency, in optical networking, means that the considered
link is all-optical from end to end without any electrical switching in the middle [4].
Its main component are bidirectional fiber pairs, in-line amplifiers and booster
amplifiers. A node in an Optical Network is a site including devices able to address
the incoming optical signals to a selected output. The node degree is the number
of OLS connected to the node itself.

Optical switching in a network node is based on transparent wavelength routing
i.e. each incoming signal in the WDM spectrum can be selectively addressed
to any output. Wavelength can be added and dropped within the node, relying
on a device called Reconfigurable Optical Add Drop Multiplexer (ROADM) [5].
These devices allow for dynamic and remote-controlled deployment of lightpaths,
so that operators can remotely control the routing and switching of wavelengths,
enabling on-demand reconfiguration of optical connections. In a ROADM, any
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Optical Line System

@ﬁ= -

Figure 1.1: Optical Line System in an Optical Network

Optical Line Switch
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Figure 1.2: Reconfigurable Optical Add Drop Multiplexer

input wavelength can be switched to any output port in a transparent way [6].
The signal crossing the Optical Network can be seen as a transparent path at a
given wavelength. For the involved transceivers a lightpath is a dedicated channel
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1.1 — Software Defined Optical Networking

from source to destination. It needs the availability of the same wavelength on all
the crossed OLS (wavelength continuity) and the capability to be proper switched
by all the crossed switches.

1.1 Software Defined Optical Networking

To improve the infrastructure exploitation, the pursued solution is the application of
Software Defined Networking (SDN) approach at the physical layer [7]. Traditionally,
SDN approach builds each network element upon three architectural planes [8],
which are depicted in Figure 1.3:

o Control plane: in charge of computing the local forwarding state.
« Data plane: processing and delivery of packets with local forwarding state.

« Management plane: in purpose of providing interfaces towards a human
figure who must interact with the device.

O O — ® W( Network

Well-defi ned API e 0 ‘ | Virtualization

—® @ o
- Tl'a c Other
Application Plane B security  INERCUENEN Applications Network Map

nnnnnnnnnn

ssssssssssssssssssssssssss

~ Forwarding ] o 4,', Separation of Data
@ ~_ - and Control Plane
Forwarding

Forwarding
@

Forwarding

Data Plane

4
Figure 1.3: SDN paradigm

To perform routing and wavelength assignment in Optical Networks, according to
the SDN paradigm, a centralized Optical Network Controller (ONC) needs full
topology knowledge, full control on the network status and full abstraction on
physical Quality of Transmission (QoT) to activate the maximum transmission
capacity on the established optical circuit (lightpath). The advantages provided
by a ONC are well known in literature [9]. The ONC relies on an abstraction of
the transparent Optical Network, allowing the operators to remotely monitor and
adjust the routing of wavelengths, eliminating the need for manual interventions at
physical network nodes.
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Modern transport network relies on IP on WDM approach. IP virtual network
topology may be different from the physical one, and it is defined by routing tables
according to the packet switching paradigm [10]. The IP virtual network lies on the
optical transport network, which is composed by reconfigurable optical switches,
ensuring the circuit-switching approach to the WDM transport.

In this scenario, to optimize and share this pervasive infrastructure, there’s a
call for the progressive introduction of disaggregation and openness in optical net-
working [11]. This, according to the mentioned SDN paradigm, involves separating
the control plane from the data plane, enabling virtualized infrastructure slicing
and sharing. In order to reach this scope, open control protocols and models are
crucial, as is the ONC’s ability to dynamically optimize the data and control plane.
Actually there are not standard solutions to control the hardware, but a standard
solution to do that on transport operation does exist, which is provided by Open
Flow [12].

1.2 Open Optical Networking

Openness on Optical Networks refers to the interoperability, standardization and
collaboration among vendors. This is achieved through the adoption of general-
purpose hardware and shared (open) protocols, exploiting the disaggregation applied
to the Optical Network hierarchical structure. Three approaches are possible in
term of network disaggregation [13]:

o Fully Aggregated Optical Network: Solution that does not exploit SDN
below layer 2 and where all the entire trasnport network is seen as a single
managed system.

o Fully Disaggregated Optical Network: each device is a separate network
element, which is independently controlled.

o Partially Disaggregated Optical Network: network elements are transpon-
ders and OLSs, that are controlled through dedicated Application Program-
ming Interfaces (API).

Currently the most adopted solution is the partially disaggregated one, which is
a trade-off between the advantageous but complex fully disaggregated approach
and the inefficient but simpler fully aggregated one.

As already mentioned, openness is related to how the network elements, in
a partially disaggregated approach, are able to cooperate through open control
protocols and API. If closed solutions are adopted, hardware must be of the same
vendor in order to deploy the transport network. On the other hand, openness

4
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Figure 1.4: single-vendor partially disaggregated scenario

Open Orchestrator

1.1

“—r[ o) (@ o) (L) =] mm]L'“'

e
[P

Figure 1.5: multi-vendor partially disaggregated scenario

allows multi-vendor devices to interoperate. The difference between open and
closed approach is depicted in Figure 1.4 and Figure 1.5.

In order to perform network elements control and management an accurate
theoretical abstraction must be adopted. In addition, each network element must
be reachable and controlled bi open protocols and API.

The network can be abstracted as a weighted graph with respect to the trans-
parent signal propagation on each crossed network element. Over the lightpath
the wavelength accumulates impairments [14]. Through this abstraction, openness
enables the possibility to implement an Optical Network digital twin (DT).

1.3 Optical Network Digital Twin

The first definition of the digital twin (DT) was proposed by NASA as an "inte-
grated multi-physics, multi-scale, probabilistic simulation system that uses the best
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available physical models and sensor updates” [15]. Then, the concept has been
extensively used in several fields adapting the definition to each specific application.
In general, the DT of a system can be defined as a set of methods relying on
data sensed from the system that allows an accurate simulation of the actual
system functionalities. So, the DT is the core for an optimized software-defined
management of a complex system [16].

System Control

@

™

System i | ==} |
Environment 4= \ r;.‘ ‘
ah v P I
~ a3 RS
Da " (" Digital
r\ ‘ Twin
@ S &)
Sl

Figure 1.6: Digital Twin

In Figure 1.6 the environment in which a DT operates is depicted. The system
and the system environment (also called "real twin") are emulated by the DT, which
tells the ONC what to expect based on the information collected by sensors and
interfaces in real time. Based on the DT simulation, the controller is able to act
on the system effectively, making it working in the desired way.

{ Digital
i Twin |

System environment System control interfaces

interfaces

System functions models

¢ - @

- Defined sensor interfaces
+ Staticdata
- AI&ML data augmentation

« Physics math models
« AlI&ML models
« Heuristics

el

« Needed actions for
system function

Figure 1.7: Inside a Digital Twin

Many building blocks are needed to develop a DT: the most important ones are
shown in Figure 1.7. In this thesis work the focus will be on the system function
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1.3 — Optical Network Digital Twin

models, without delving into environment and control interfaces. The DT relies
on very accurate and complex mathematical and physical models, through which
it is able to predict the system behaviour, based on what is collected by sensors.
The more precise and complete are the models, the higher is the fidelity when the
system is simulated. Therefore, the enhancement of the DT models is pivotal in
determining a good result in term of its performance. This is achieved through the
theoretical derivation and experimental validation of new mathematical models,
enabling new features and improving the DT efficiency and completeness.
Applying the concept of DT to Optical Networks it is possible to develop a tool
suited both for the design and the control of networks functionalities. Namely, this
approach is based on the concept of physical layer aware networking, exploiting the
DT to take into consideration physical layer impairments and let the ONC act to
manage the network effectively. To build the physical layer abstraction mentioned
before, transparent lightpath are well approximated as dual polarization AWGN
coherent channels [14]. The situation depicted in Figure 1.8, where a lightpath
is abstracted as a point-to-point system composed by TX, RX and experiencing
impairments due to the physical effects introduced along the path [17].

‘| o | o |NOISE noise|

i"Tx Rx | W
»

Figure 1.8: Physical layer abstraction

A unique parameter identifies the QoT along the path, which is typically defined
as the Generalized Signal to Noise Ratio (GSNR) [18].
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Py
GSNR = 1.1
Pasen + Pyrry + Pxroy (1.1)

In the example provided in Equation 1.1 the considered impairments for GSNR
are respectively Amplified Spontaneous Emission, Non Linear Interference and
Crosstalk. In the prosecution another type of physical effect, named Polarization
Dependent Loss (PDL) will become the object of the discussion through an extensive
mathematical modeling and model validation.

The concept of GSNR is useful since each optical network element can be
abstracted as introducing some amount of Gaussian disturbance on the signal. So,
each lightpath is well modelled as an AWGN channel. GSNR definition has benn
then introduced specifically to describe the SNR metric for transparent lightpaths
in an optical network. Such situation is exemplified in Figure 1.9.

n, m , ny

N NN

Figure 1.9: Cascade of noisy components to represent propagation over a trans-
parent lightpath

To compute the GSNR in the case of Figure 1.9, it is necessary to propagate
each noise contribution to the end of the link, taking into account the corresponding
attenuation that it experiences along the path:

Py Ap... Ay

GSNR = 1.2
P A1, Ay + Py - Ay Ay + ...+ Py (1.2)

1 P Ay Ay + Py - Ay Ay + ... + Puy
ISNR = = 1.3
GSNR Py Ag... Ay (13)
Py = B A (1.4)

1 N o P N N 1

ISNR = = " _=N"ISNR, = 1.5
GSNR ; P A = ; GSNR, (15)

In Equation 1.5 the GSNR is represented in a disaggregated way, by means of an
additive metric (the ISNR) that can be accumulate along a path to estimate the
final QoT in a DT.

The DT considered in this thesis work is Gaussian Noise in Phyton (GNPy).
This tool has been developed by PLANET team of Politecnico di Torino within the
context of Telecom Infra Project (TIP) [19]. GNPy is an open-source, vendor neutral
QoT estimator software [20]. The TIP is one of the consortia and standardization

8



1.4 — Network as a Service

agencies operating with the purpose to develop open networking solutions. The
TIP consortium groups most of the network operators and vendors to develop
open software and hardware solutions for open networking. The TIP Open Optical
and Packet Transport (OOPT) working group targets multi-layer solutions for
open optical networking (OON) according to the partially disaggregated network
architecture. GNPy aims to develop an open-source software model of the WDM
transport layer as a DT for design, planning, and QoT estimator.

The present work builds upon the solid experience gained through past work on
GNPy’s DT implementation, exploiting the significant achievements of the research
group responsible for its development. The project specifically concentrates on
improving the mathematical models on which GNPy relies. It includes both software
implementation and testing. The objective is to tackle the challenges outlined in
the preceding discussion.

Models for NE from Vendor neutral comparison
multiple vendors Optical Control on the virtual PHY-DTs of
different solutions

r--- strategies
r——— and spectral

NN ue 1

Network
topology
and PHY
description

Figure 1.10: GNPy: a vendor-neutral design and planning tool

In Figure 1.10 the high level working principle of GNPy is showed. Based on
inputs coming from sensors, telemetry, devices models and policies, GNPy builds a
weighted graph with respect to GSNR, suited for the design and planning of the
Optical Network [21].

1.4 Network as a Service

The possibilities given by a DT enables the implementation of the concept of
Network as a Service (NaaS). In the past decade there has been a clear trend in
applying virtualization in networking field. According to [22]: "A virtual optical
network is a set of virtual optical nodes interconnected together that share a common
administrative framework. Optical node virtualization is the creation of a virtual
representation of an optical network node, based on an abstract model that is often
achieved by partitioning or aggregation. Within a virtual optical network, virtual

9
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connectivity (virtual link) is defined as a connection between one port of a virtual
network element to a port of another virtual network element.". The virtualization
paradigm allows to overcame the past custom to develop dedicated hardware
to carry out networking functionalities. Virtualization based on general-purpose
hardware leverages the potentiality to perform network management effectively. In
such context, network resources such as bandwidth and spectral occupation can be
offered and sold, leading to the NaaS implementation.

The adoption of NaaS offers several advantages that are pivotal in shaping
the future of digital infrastructures. NaaS enables a more agile and cost-effective
network deployment, allowing organizations to scale their infrastructure based on
demand. This flexibility is crucial in the short and medium term, as it empowers
businesses to adapt swiftly to changing requirements and market dynamics. More-
over, the implementation of multi-vendor infrastructure addresses interoperability
challenges, fostering a competitive market environment. This not only promotes
innovation but also mitigates vendor lock-in, enabling organizations to select and
integrate the leading-edge solutions. In the multi-service paradigm, the ability to
support diverse services within a unified framework enhances operational efficiency
and resource utilization. This, in turn, has a significant impact on the short
and medium-term viability of digital infrastructures, ensuring that they remain
adaptable and responsive to evolving technological landscapes. Ultimately, these
concepts collectively contribute to the development of innovative digital infras-
tructures and services, positioning organizations to meet the dynamic demands
of the contemporary digital era. Their importance lies in their transformative
potential, empowering businesses to stay ahead in a competitive landscape and
deliver cutting-edge services to end-users.
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Chapter 2

Case of Study: Polarization
Dependent Loss

In this chapter the case of study of the thesis work is outlined, focusing on the
OLS characterization and on the introduction of PDL phenomena.

2.1 Optical Line Systems and Switching Nodes

As mentioned in chapter 1, Optical Networks are subdivided into point-to-point
connections, named OLSs, composed by a TX-RX pair and the fiber spoon and
amplifiers between them. Lightpaths cross chains of OLS in order to bring infor-
mation between source and destination. When two OLSs are connected a network
node is created.

=== ===
Figure 2.1: Optical Line System

A network node is responsible for the optical switching of the signal, which is
performed thanks to ROADMs. As it has been showed in Figure 1.2, such devices
rely on a specific facility, called Wavelength Selective Switch (WSS) [23]. The
WSS is the main building block of optical switches and its working principle is to
select a specific wavelength or a group of wavelengths conveying them towards the
desired output port. Its technology is based on grating, whose diffraction effect is
controlled to guide the optical signal [24].
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Case of Study: Polarization Dependent Loss

0] -

IIII Wavelength
d  Selective o [ e e

Common Port Switch '
(WSS)
|| 1 . || .

N Ports

Figure 2.2: Wavelength Selective Switch

The working principle of a WSS is depicted in Figure 2.3. In the 1xN switch

design, an additional lens in a Fourier transform configuration is used to perform a
space-to-angle conversion in the first stage. The 1xN switch requires tilt mirrors
with N different tilt angles. The design operates in the following way:

o The common input fiber enters the switch at point A, where a microlens
collimates the light.

The next lens image the collimated beam onto the diffraction grating at point

C.

The wavelength-dispersed beams then fall onto the tilt mirrors device plane
at point D.

On the tilt mirror device plane, the beams are reflected at specific tilt angles
depending on the settings of the micromirrors.

All reflected beams are focused back to point B, where the angle-to-space
conversion section images the beam onto the output fiber. Each output
corresponds to a specific tilt angle of the micromirrors.

One of the most common technology used in WSS to direct the light beams

realizing tilt mirrors is the so-called Liquid Crystal on Silicon (LCoS) [25].

Liquid Crystal cells are able to shape the polarization of a light beam, applying

a control voltage. After the Liquid Crystal cell, a polarization dependent optical

12



2.1 — Optical Line Systems and Switching Nodes

Space to angle
conversion

Spatial dispersion

Figure 2.3: Optic system based on diffraction grating in a WSS

element (usually a Polarization Beam Splitter) is put, in order to change the beam
direction based on its polarization [24]. If the input is random-polarized, it is
necessary to separate it into two orthogonal polarizations. To provide attenuation,
extra Liquid Crystal cells and polarization dependent elements are added to the
described setup. The Liquid Crystal cell approach, combined with semiconductor
technology create a high resolution, solid-state display engine. In WSS LCoS allows
to create an electrically-programmable grating, suitable to realize the tils mirrors.

LCoS is particularly appealing as a switching mechanism in a WSS due to its
nearly continuous addressing capability, which enables numerous new functionalities.
Specifically, the bands of wavelengths that are switched together (channels) do not
need to be preconfigured in the optical hardware; instead, they can be programmed
into the switch through software control. Additionally, this capability allows for
reconfiguring channels while the device is in operation.

LCoS technology has introduced more flexible wavelength grids, unlocking the
full spectral capacity of optical fibers. The phase matrix nature of the LCoS
switching element supports even more remarkable features. Common features
include shaping power levels within a channel or broadcasting the optical signal to
multiple ports.

LCoS-based WSS also allows dynamic control of channel center frequency and
bandwidth through real-time modification of the pixel arrays via embedded software.
This control can be very precise, with independent adjustment of the center
frequency and either the upper or lower band edge of a channel, achieving better
than 1 GHz resolution. This fine-grained control is advantageous for manufacturing,
as it enables the creation of different channel plans from a single platform and
allows different operating bands (such as C and L) to use an identical switch matrix.

13



Case of Study: Polarization Dependent Loss

This kind of technology, due to polarization dependent elements after Liquid
Crystal cells, introduces substantial PDL, therefore an extensive study of such
phenomena is pivotal in order to characterize the behaviour of a network node
within the DT transmission model. It is important to underline that WSS are not
the only devices introducing PDL. This happens also when Erbium Doped Fiber
Amplifier (EDFA) are present along a lightpath. The contribution of EDFA in PDL
penalty is not negligible at all, but its entity is small, compared to what happens
in the WSS case. In this work the focus will be only on PDL induced by WSSs,
leaving the discussion on EDFAs to a further work.

2.2 Polarization Dependent Loss in Wavelength
Selective Switches

As already anticipated, the object of the present discussion is to delve into the PDL
characterization and mathematical modeling. The PDL is a loss experienced by
the optical signal which is no symmetric with respect to the state of polarization of
the signal itself. This distortion, whose contribution is significant especially due to
WSSs located into ROADMSs, translates into a penalty applied to the signal crossing
a network node. Such penalty is graphically represented in Figure 2.4, where it
can be seen how a PDL device can act on a dual-polarization signal when the state
of polarization is linear vertical and linear horizontal on the two polarization axis.

Ex =Ey

N Ex < Ey

PDL device

Figure 2.4: PDL

PDL has been fully analyzed for intensity-modulated channels; on the other
14



2.2 — Polarization Dependent Loss in Wavelength Selective Switches

hand the state of the research on PDL for dual-polarized coherent channels is not
at its final stage. The inclusion of PDL in the physical layer of optical networking
is still not realized, and the common approach in industry is to treat it as a penalty
on GSNR with a definitely conservative approach.

Indeed, the distortions caused by a sequence of PDL devices could sum up,
resulting in a strong degradation of the signal. Nevertheless, as it will be clarified
further on, PDL penalty is characterized by a statistical behaviour (also depending
on the changes of the optical signal state of polarization along the lightpath), which
leads to very frequent situations in which applying the most conservative margin
on GSNR could be redundant, or at least inefficient. The statistic of PDL effect
has been experimentally analyzed in [26] and [27].

As stated in chapter 1, every ROADM is composed by a set of WSSs, that are
exploited to perform multiplexing tasks on WDM spectrum. The possibility of
using a WSS as Multiplexer (MUX) and Demultiplexer (DEMUX) enables the
add-drop functionalities and the optical switching inside a ROADM. Additionally,
the WSS provides attenuation for each WDM channel.

Since manufacturing imperfection differ from a device to another and from a
device port to another port of the same device, PDL changes when considering
different channels on the WDM spectrum and different WSS input-output port
pair. In addition, during propagation along the fibers, the optical signal experiences
a random and frequency-dependent polarization rotation, which adds a further
randomness to the PDL phenomena, which has to be treated stochastically.

Polarization
scrambler

Laser

Power meter

Figure 2.5: Experimental setup for PDL definition

As illustrated in [28] and considering Figure 2.5, the PDL entity introduced by
15



Case of Study: Polarization Dependent Loss

a specific input-output port pair and a specific frequency of WDM spectrum in a
generic WSS is defined according to the following algorithm:

1. Select the laser frequency
Move the polarization. scramble to select the input signal polarization state.

Measure the RX optical power with the power meter.

- W N

Repeat from step 2. until all the possible states of polarization have been
explored.

5. Let be Pyax and P,,;, the maximum and minimum power values recorded
during the experiment, then the PDL is then defined as:

(2.1)

P
PDL £ 10log,, < MAX)

min

Since exploring all the possible states of polarization is not feasible in practice,
this kind of measurement is often taken stopping the procedure when a sufficient
portion of the Poincaré Sphere (representing all the states of polarization) has
been explored, or exploiting advanced algorithms that will be illustrated in the
prosecution.

2.2.1 PDL penalty

Due to its dependence from both ports and frequency, the PDL introduced by each
WSS has to be treated as a random variable, especially when a full characterization
of the WSS is not available. The statistical characterization of the PDL’s impact
on the power of both single and DP signals has been extensively studied and
documented in numerous previous works in the literature [29, 30, 31, 32, 33, 34,
35, 36].

The worst-case PDL value is often provided in WSS datasheets. To simplify
the theoretical discussion, a conservative SNR penalty can be considered, getting
rid of the complexity of treating the PDL value as distributed in a random way.
Thus, in this thesis work such value is considered as deterministic, with a certain
polarization orientation. Still, the randomness of the overall phenomena is given by
fiber birefringence, that leads to a random polarization rotation when the optical
signal propagates. Therefore, there is a variation in time of the PDL phenomena,
when several WSS are crossed, due to the birefringence. Moreover, the noise
introduced at a certain point of the signal path does not experience the same PDL
as the signal from TX and RX.

There is the need to define an abstraction to translate the previous concepts
into a formal language. Each optical system can be divided into PDL subsystems
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2.2 — Polarization Dependent Loss in Wavelength Selective Switches

introducing a certain value of PDL that are described by their transfer matrices
T;, and sequences of EDFA and fibers that are responsible for the introduction of
noise N;. In this context, considering n elements, the field transfer function will be
described as:

Taosy=Tn T - To - Ty (2.2)

where T; are the PDL elements transfer matrices. The optical system is then
described by its stochastic power matrix T! (1m) “T-n) (the t stands for the adjoint
operation, as showed in [36].

In this context, following what exposed in [28], the transmitted dual-polarization
signal Sry experiences the entire link PDL effect, while the noise contributions
only from the point in which they are injected. Therefore to write the received

signal and noise fields S ; x and N}:X it can be written:

Sex = Taom)Stx (2.3)
Nex = > Ty (2.4)

In this thesis, it is assumed that the receiver is able to recover completely the
field transfer function of Sgx so that the SNR penalty would be independent of the
specific DSP implementation. Therefore, Equation 2.3 and Equation 2.4 become:

Spx = T(IHH)T(Hn)ngngX, (2.5)
Nrx = (l—m ZT(1+1Hn)N Z (1—>z) (26)

Consequently, the SNRrx_, probability distribution of a single-polarization
state, x, can be derived considering the deterministic signal x-projection power,
SrRX,z = \§RX - #[%, and the stochastic noise x-projection power, Ngx , = \NRX 23
obtained from equation Eq. 2.6. Additionally, as the PDL of successively crossed
PDL subsystems has the same effect on both the signal and the noise fields,
the SNRgx , can be expressed in a disaggregated manner as the proper sum of
the separate contribution of SNR degradation generated in each distinct PDL
subsystem:

-1 SRX .«
SNRix. = (SNRi:+---+SNR;L) ™ = ¥ U

SRXx
= — — (2.7)
(00 2 e (T W) ]
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Case of Study: Polarization Dependent Loss

Given Equation 2.7, it is clear that finding an effective way to describe how PDL
acts on noise is pivotal in retrieving the SNR in a disaggregated way. The following
discussion aims to develop a mathematical tool able to model in n accurate way
the distribution of noise power among the polarization axis, when crossing PDL
elements such as WSSs.

18



Chapter 3
Theoretical Background

In this chapter the mathematical tools necessary to cope with polarization of
electromagnetic fields are recalled, with a special attention to Jones matrices
theory. This step is pivotal in order to introduce the mathematical derivation of the
proposed PDL analytical model, which aims to enhance GNPy DT transmission
model. The tools illustrated in the final part of this chapter are based on previous
work of PLANET team, in continuity with the objective to develop the open and
disaggregated paradigm in optical networking.

3.1 Fundamentals of Polarization

The "state of polarization" of light is one of the three fundamental parameters that
characterize a light signal, along with frequency and wave vector. The "state of
polarization" is a property that light exhibits both in its electromagnetic (wave)
representation and in its intensity representation (number of photons). It is,
therefore, a fundamental characteristic of light and its basic constituents: photons.
It is important to know the state of polarization and to be able to estimate its
evolution because many optical devices and components are "polarization-sensitive,"
meaning their behavior depends on the polarization state of the incoming light.
Generally, the polarization state of a light signal changes during its propagation
when it encounters an anisotropic medium, that is, a medium that has a different
refractive index in different spatial directions. A typical example of an anisotropic
medium is optical fiber propagation, where a combination of mechanical and thermal
causes produces anisotropy in the glass material that constitutes the optical fiber.
Therefore, it can be important to have methods that allow predicting the evolution
of the polarization state of an incoming light signal in the optical fiber or another
anisotropic material. The content of this section summarizes a commonly developed
methodology for this purpose: the Jones vector and matrix approach. All the

19



Theoretical Background

discussion is taken from [37], which covers the topic much more widely.

3.1.1 Jones vectors

One of the most commonly used representations to describe the state of polarization
of light is known as the Jones Representation. It originates from a description of
the electromagnetic field decomposed into two components along the Cartesian
axes x and y.

Eac _ Exoefi(wtszféz) (31)
Ey _ Eyoefi(wtszféy) (32)

That can be rewritten considering only the terms that have effect on the state of

polarization:
E,|  |Eye'd.
[Eyl N lEyoeiéy] (3:3)

The Equation 3.3 is the so-called "Jones vector'. It can be shown that, through an
opportune choice of the 4 parameters:

E,, x component amplitude (3.4)
E,, y component amplitude (3.5)
d; x component phase delay (3.6)
d, y component phase delay (3.7)

It is possible to describe any state of polarization of coherent light. Jones represen-
tation is advantageous since it is simply and accurate to describe operations on
polarization that involve a sequence of birefringent elements.

Optical field is not a quantity accessible to the measure, therefore often it is
useful to compute the intensity I in order to sense the polarization properties:

[=E,-E:+E, E (3.8)

Namely:
I=[E; E- lgy} (3.9)

In Equation 3.9, the first vector is also known as "transpose conjugate" vector. The
generic Jones vector is represented also with the notation:

Ep €0,  |Ey€'dy\
lEyOei(SJ B ’Eyoeiéy> - ‘Ex Ey> (3.10)
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With this alternative notation, the transpose conjugate vector is represented as:
[E; Ej]=(E. E| (3.11)
So the intensity of a generic state of polarization is given by:
I=(E, EJ||E. B,) (3.12)

The principal 6 stated of polarization are obtained by assigning specific values to
the 4 main parameters:

H= (1) Linear Horizontal (3.13)
V = ? Linear Vertical (3.14)
1 :1: .
Q= 71 Linear 45° (3.15)
1|1 : :
—Q = 7 l_l Linear -45° (3.16)
1] |
R= 75 | Right-hand Circular (3.17)
- 1] Left-hand Cireu (3.18)
= — | .| Left-hand Circular .
Vi l-i

It interesting to note that all the pairs of state of polarization described from
Equation 3.13 to Equation 3.18 are orthogonal, namely:

I=(E, E,

E,, E,)=0 (3.19)

3.1.2 Jones operators

The evolution of the state of polarization of an optical signal is modeled with the
introduction of matrices that "operate" on Jones vectors. This formalism allows
to compute the input and output state of polarization. In general it is possible to

write: ' .
|Ezout > — [jml me]
Eyout Jym jyy
Where joo, Joy, Jyzs Jyy € C.
At the output, the intensity of the optical signal will be evaluated by:

Efsm
5 > (3.20)

Yin

E

Yout
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Theoretical Background

If the Jones operator is represented as:

J = [*7” ‘7.”] (3.22)
Jyz Jyy

Then, if a sequence of n operation on polarization are performed, the scheme in

Equation 3.20 can be applied sequentially, obtaining:

Eﬂ’»’out Exzn

Yout Yin

The Jones operator that is useful for the present discussion is the polarizer, which
is described by the following expressions:

B =z B, (3'24)
Eyout = ly ' Eyzn (325)
where 0 < p,, < 1. For complete transmission p,, = 1, and for complete

attenuation p,, = 0. In terms of the Jones vector, Equation 3.24 and Equation 3.25
can be written as:

E-'Eout _ pm 0 A

Eyout 0 py

This operator is suited to describe PDL, since it can express the loss experienced by
the optical signal on two different components. For instance, looking at Figure 2.4,
the signal is horizontally and vertically polarized, therefore the loss on x-axis can
be represented as an opportune coefficient [, in the polarizer Jones operator.

The PDL in general is not aligned to x or y axis, therefore the next step is to
represent it with respect to a rotation angle that, in general, will be random. The
aim of section 3.2 is to adapt what recalled in this section about Jones theory to
the case of study of PDL.

Erm
5 > (3.26)

Yin

3.2 Definitions

In order to represent the geometrical rotations of Jones vectors and operators, the
following real rotation matrix is adopted:

cosf —sin 9]

sinf cos6 (3.27)

R(0) = [

When dealing with optical fibers, their birefringent behaviour is generally modelled
through a complex rotation matrix:

cosfe’®  —sinfet?
sinfe~®  cosfe
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3.2 — Definitions

Rotation matrices are applied before and after a Jones operator, so that, if a
geometric rotation has to be represented for the generic operator J, the procedure
to follow is:

J(O) = R(O) - J-R() =R -J-R(H) (3.29)

Where the transpose-conjugate operation t is equivalent to the matrix transposition,
since R(f) € R.

When dealing with diagonal Jones operators, complex rotations are equivalent
to real rotations, as it is showed in the following proof:

J(Q) = R(67 QS)T ' Jdiag : R(@, Qb)

| cos@e  sinfe’®| |j1;; 0| | cosfe® —sinfet?

| —sinfe ™ cosfe®| | 0 jog| [sinfe”® cosfe

[ J11co8? 0 + jagsin? 6 (jaz — ji1)sinf cos

" | (joz — j11)sinBcosf  ji; sin? 0 + joy cos® O

= RO Juiag - R(O) O (3.30)
The angle 6 in the framework that is going to be developed models the rotation
of alignment both between the transmitted signal state of polarization and the
main polarization axes of a general PDL element and the alignment between the

main axes of two PDL elements. For this reason it is a random variable uniformly
distributed as:

0 ~ U([0,2r]) (3.31)
An useful property of rotation matrices, when they are real follows:
R(O)' = R(O)T = R(H)™* (3.32)

In the following, since in general Jones matrices are complex, the preferred notation
will be the use of {, namely the transpose conjugate operation.

3.2.1 PDL element field matrix description

The starting point to define the Jones operator of a PDL element, also called "field
matrix" is the polarizer defined in Equation 3.26. To represent geometrical rotation
and fiber birefringence, a rotation is applied to it, because in general PDL is not
aligned to the main polarization axis of the incoming signal. The rotated polarizer
expression is then:

Pol(f) — [cose sin@] [JE 0 ] [COSQ _SM]

—sinf@ cosf 0 \/E sinf@ cosf
= RO P-R() (3.33)
23



Theoretical Background

Differently from Equation 3.26, here p, = /I, and p, = \/E, because [, and
l, represent a loss in term of power, while p, and p, are losses in field domain,
therefore the square root is needed to link them. If /I, + \/Z = 1 then the polarizer
is ideal, therefore all the power of the incoming signal crossing the polarizer is
conserved, even if switched among the two polarization axis. When /I, + \/g <1
a loss of power is experienced by the signal, which is the case when dealing with
PDL.

Considering an alternative definition of PDL than the one provided in Equa-
tion 2.1:

l
pdl = M2 (3.34)

U
Where [y, and [, are respectively the maximum and the minimum loss of power
experienced for all the possible polarization states of the incoming signal. Then, it
is possible to assign [, = {3 and [, = [,;, and, following the key assumption:

Ipg + 1, = 2L (3.35)
Where L is the total loss, the two losses can be written in term of PDL as follows:

2 x pdl

pdl + 1
2
L, = l,=1L
v ol + 1

(3.36)

(3.37)

From this point on, the field matrix will be called T', and it can be rewritten as:

cosf sinf] [VI. 0 cosf —sinf
—sinf@ cosf 0 \/E sinf cosf

B \/ECOS29+\/ESin2(9 (\/E—\/E)sinecose
B (\/g—\/z)sinﬁcosﬁ \/ESiIlQ@—i—\/ECOSQQ

The inverse of T is easy to be computed, since the focus is on simple 2x2 matrices.
As anticipated in subsection 2.2.1 DSP is responsible to invert the distortion on
the transmitted signal due to PDL, therefore is it useful to compute 7! for the
purpose of this work:

T =

(3.38)

71 _ 1 [ cosé sin@] [\/E 0 ] [cos@ —sin@]

loly [~ sinf cosf|| 0 /I, |sinf cosB

1 —\/ECOSZQ—I— Vigsin?8 (1, — \/E) sin 0 cos ¢

Lol (VI — \/E) sin 0 cos @ \/Esin26 + /1, cos? 0
24
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3.2 — Definitions

Starting from 7', the mot important tool for the mathematical model developed
in this work is the power transfer matrix, which is well-known in literature [36].
The power transfer matrix describes how the intensity, and consequently the
power, distributes among the two polarization axis when a signal crosses an element
introducing PDL. Commonly power transfer matrix is defined as T1T. Its expression
follows:

T'T = R(0) [\g_ \/H R(O)R(H)! l\/ol_ \/Od R(0)

— R(O) [lo Z] R(9)

B llmCOSQQ + 1,sin?0 (1, — lm)cosé’sinG] (3.40)
|l = lp)coslsind  1,sin*6 + l,cos*0 '
Significantly, the expression of the power transfer matrix is the same as T', with
the only difference that on the main diagonal, square roots are not present. This
comes from its structure and from the rotation matrix properties.

The power transfer matrix is the key element of the mathematical model of
PDL because the objective is to represent how the noise power behaves crossing
PDL elements. Some issues have to be taken into account when passing from
fields to powers. The space of Jones vectors and matrices is a vector space, while
power transfer matrices and power vectors are not, due to their quadratic definition.
Therefore, it is important to outline the parallelism of these two approaches, but
considering also that they are inherently different.

The power transfer matrix paradigm does not offer many advantages when
describing the transmitted signal. Its power shows up when considering noise, as it
will be clear in the prosecution. This is important when assuming the presence of
DSP at the RX that is able to fully recover the information of the signal inverting
also the PDL distortions acting on it. In this case only noise will be affected by
PDL in a way that DSP is not able to fully recover, since noise is additively injected
along the signal lightpath and experiences different PDL distortion than the signal.
Noise is difficult to be represented through Jones formalism, since its components
are random. Usually it is better to treat it from its power perspective. When
noise power evolution along the path is mathematically well described, it is easy to
obtain a penalty in term of SNR to represent the PDL impairment.

3.2.2 Transmitted signal and noise field description

In this formalism, the transmitted signal for a single frequency channel, which is
fully recovered by the DSP, is not modulated, for simplicity. Its Jones vector is
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defined as:

5= M (3.41)

V2
So that its intensity is normalized to 1, namely:
15 =5".5=1 (3.42)

Given a noise signal of total power equal to N, that is injected in the lightpath, we
define its Jones field vector as:

n o= lnml Ny, Ny ~ G (0, N) (3.43)

Ny 2

Where n, and n, have a gaussian Probability Density Function (PDF) and they
have the same variance since PDL distortion has not been applied yet to the noise.
A general noise vector od power N is defined as:

/
n(oy,09) = [ f] n, ~G(0,01) ny~G(0,02) o1+0,=N (3.44)
y

Properties:

wa - o[-

Var(i) = Em-ﬁsz[rﬂ[m,nﬁlzlg g] (3.46)

When considering Jones vectors having random variables as their components, the
intensity computation must involve also the expectation. Here it is called P to
distinguish it from the simple intensity I defined in Equation 3.9.

P(A) = E[i'-7A]=E “nx* ny*} [Z’”H =E[nl +n)]=N (3.47)

Y

The power vector that describes the case in which noise power is equally distributed
among the two polarizations, when dealing with power transfer matrices is defined,

ozl
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Then, if it is needed to compute the noise total intensity from the power vector it
is simply necessary to sum the two components:

Plp,] = P(i) = Var(n,) + Var(n,) = ];7 + ];] =N (3.49)

In general, starting from the power vector p, its intensity is computed as follows:

y o ] s

Y

Pl = patpy (3.51)

When dealing with power transfer matrices and uncorrelated random variables,
often a special type of product between a vector and a matrix is found to be useful.
This "special product" between a matrix and a vector takes only the matrix main
diagonal terms to be multiplied with the vector terms:

A= | “121 (3.52)
Q21 A22
- —’U1
v o= _UJ (3.53)
AT = “f“] (3.54)
|G22 " VU2

3.3 PDL mathematical model derivation

Starting from section 3.2, in this part the chosen mathematical model to manage
PDL impairments is developed. First of all the single PDL device is analyzed,
modelling the evolution of noise power. Then the model is extended to a cascade of
PDL devices. Finally, a disaggregated version of the model is considered, in view
of a possible implementation on GNPy DT.

3.3.1 Single PDL device

What is showed in this section is that, given the field matrix 7" of a single PDL
device (such as a WSS) and the noise vector 77 of power N that is injected before
it, it is possible to compute the output noise power in the two polarizations from
the power transfer matrix 77T, through the previously-called "special product" ©.
Therefore, it has to be proven that:

P(T i) = P[T'T ® p,,] (3.55)
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First of all it is possible to start computing the right member of Equation 3.55, since
it is straightforward to evaluate it. Looking at Equation 3.40 and Equation 3.48,
the result of the special product is:
l,c08%0 + 1,sin*0 (1, — l,)cosOsind X
i 5 o= x Y y o 2
T © pn [(ly — l;)cosBsinf  l,sinb + l,cos%0 3

Y (1,c0s%0 + 1,5in6?)
_ |2\ y
N [g(lxsm% + 1,c0s%0) (3.56)
Therefore, the total power is:
Y N
PIT'T © pa] = 5 (L +1y) (3.57)
Now the left-member of Equation 3.55 has to be evaluated:
- _\/ECOSQQ—F\/Esin?@ (\/E—\/E) sin 6 cos @ [nx]
n — .
(\/E—\/E)siné?cosﬁ \/Esin20+\/E00829 Ty
B 'y (VT cos? 0 + \/Esin2 0) + ny((\/g —V/1,)sin cos §)
B nx((\/g — /1) sin B cos 0) + n,(+/1, sin? 6 + \/gcos.2 0)
-noum
= 3.58
_nouty] ( )

Then, to obtain the total power the sum of the variance of the two components
in Equation 3.58 has to be computed, according to the property showed in Equa-
tion 3.49:

P(T - 1) = Var(noutz) + Var(nouy) (3.59)

The two variances are now compute independently, based on the components of
Equation 3.58.

Var(nous) = E[ngy,)
= E[(nm(\/gcos2 6+ \/Esin2 ) +
1, (/I — /1) sin 6 cos 6))?]
= IEl[nf;(\/Ecos2 0+ \/Esin2 0)* +
—l—ni(\/g - \/5)2 sin® @ cos® 0 +
+2nxny(\/gcos2 0+ \/EsiHQ 9)(\/@ — \/E) sin @ cos 0] (3.60)
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Since n, L n,, the term in passage 3.60 is equal to zero when applying the
expectation:

N
Var(nows) = 5[(@@‘082 0+ \/Es.in2 0)* +

-I—(\/E - \/E)Q sin? 0 cos? 0]
N

= E[Zm cos* O + L, sin® 0 + 24/1,1, sin? @ cos? 0 +
+1, sin? 0 cos? O + Ly sin? 6 cos® 0 — 2,/ L1y sin? § cos? 0]
N

= E[Zx cos @ + 1, sin* 6 +
+1, sin® § cos® 0 + 1, sin® 0 cos” 0]
N

= —|l,cos" 6 +[,sin .
51l 20 +1,sin* 0 3.61

Similarly, focusing on the y-polarization, a symmetric result is obtained in carrying
on the same computations to retrieve Var(ngyuy):

N
Var(nouy) = 5} [l sin? 0 + 1, cos® 0] (3.62)

Then, exploiting what obtained for Var(new,) and Var(ne.,), starting from
Equation 3.59, it can be concluded:

N
PUVm:memﬂ+memw:§Uwa:ﬂﬁTQﬁ]D (3.63)

What has been proved is that the power transfer matrix paradigm is able to
describe effectively the total noise power evolution when crossing a PDL element,
but more conclusions can be extrapolate. Observing the passages carried on in
the previous derivation, it is possible to see that the "special product" gives in
output two components that describe the amount of noise power that is in each
polarization axis. This is confirmed by comparing the two components obtained
from the "special product" in Equation 3.56 and the values of the power of the two
noise field components, computed in Equation 3.61 and Equation 3.62. If these two
components are summed up, the total noise power is correctly obtained. Therefore,
it holds that:

Ti- 2> =TT op, & (3.64)
Ti- g =TT op, -9 (3.65)
In conclusion, the power transfer matrix paradigm, based on "special product"
allows to compute easily with simple operations the evolution of noise power among
the two polarization axis when crossing a PDL device. This result leads to an

effective, fast and disaggregated computation of SNR that can be implemented in
a DT such as GNPy.
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3.3.2 Cascade of PDL devices

The first extension to be made is when noise introduced at a certain point of the
link crosses a sequence of M PDL devices. This case is exemplified in Figure 3.1.

Figure 3.1: Single noise propagation through PDL devices block diagram

To obtain the noise power distributed among the two main polarization axes,
through the model derived in subsection 3.3.1, it is sufficient to compute the Jones
operator of the entire cascade, from which the total power transfer matrix of the
cascade will be obtained. To express the product of a sequence of Jones operator,
the formalism anticipated in Equation 2.2 is adopted for the derivation.

Tror = Ty---T2-Th =T (3.66)
Pr,out = [zmuj = (Tror)"Tror © P, (3.67)
y,0u

This comes from the properties of Jones operators showed in Equation 3.23, then
when having obtained the total Jones operator, the noise power components
computations follows from the proof of Equation 3.55.

In general, noise can be introduced in more than one point of a lightpath,
therefore it is necessary to extend the model to the case in which there are more
than one noise contributions added between the PDL devices. Moreover, the case
of interest of this work is when DSP recovers the information signal at the end of
the path, applying a correction in term of PDL to the TX optical signal, that is
the same applied to all the noise contribution, independently from their point of
injection. Such premises are summarized by the block diagram in Figure 3.2.

The key assumption to be made is that the superposition principle holds for the
effect of multiple independent noise sources, so that the total noise power is the
sum of each single noise contribution after propagation across the PDL devices.
According to this assumption, it is just necessary to derive the expression of the
accumulated Jones operator that acts on the generic i-th noise field 77; injected
along the lightpath. Then the power transfer matrix of the i-th noise contribution
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3.3 — PDL mathematical model derivation

Figure 3.2: Multiple noise propagation through PDL devices and DSP action
block diagram

will be used to compute the output noise power vector py, oyt from the input power
vector p,; for that noise source, which will be summed with all the other noise
contributions output power vectors.

The Jones operator that acts on a generic noise field injected in the position "i"
of the lightpath is expressed as the product between the Jones operator of the PDL
elements through which the noise field propagates Trrop and the Jones operator
applied by DSP Tpgp that inverts the distortion that the TX signal experiences
along the entire path from T to T);:

Tn,i = Tpsp-Tprop = T(ILM) : T(i—>M) = T(Iii—l) (3-68)

If the first noise contribution is considered, the DSP eliminates all the PDL
impairment as it does for the TX signal, therefore the Jones operator is the identity
matrix:

_ 10
Tn,l = T(ll_m) = T(1—>0) = [0 1] (3'69)

The output power vector of the i-th noise contribution is then computed starting
from the power transfer matrix obtained from 7, ;, through the "special product:

Prowti = T Tni ® P (3.70)

All the noise contribution from 1 to M have to be summed up to obtain the total
amount of noise power distributed in the two main polarization axes:

M M :
PnTOT = an,out,i = Z Tn,iTn,i O] Pni
i=1 =1

M
— T e .
= > (T(11—>z‘—1)) T(11_>¢_1) © Pn,i (3.71)

i=1
Focusing on the transmitted optical signal, it is easy to show that its power is
conserved due to the DSP action:

I(Sow) = I(Tpsp-Tror-5) =1 (T} Tasan - 5) =1(8) =1 (3.72)
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After computing the power of signal and noise, it is possible to express the total
SNR of the system:

[(gout) _ 1
P = - . B
[Ph,ror] P ( p (T(ll—n‘—l)) T(11—>i—1) © pm)

SNRpy = (3.73)

It is also possible to compute separately the SNR for both the main polarization
axis, thanks to the structure of power vectors that allows to separate the total
power in two components relative to the x or y polarization:

St - 2| 1 1
SNRpx, = 1o 20 _ 7 — (3.74)
n *r - - D
Pn,TOT >im1 (T(l—n’—l)) T(1—>i—1) © Pnyi - T
_)ou g7 1 1
SN Ry, — oot 9 _ Y (3.75)
PnToT " Y dlim1 (T(Imfl)) T2y © Pt ¥

After computing the total SNR it is necessary, in view of the model inclusion in
GNPy software, to express it in a disaggregated way. Such step will be discussed in
next session, and it is the last part of the initial theoretical analysis of this thesis
work.

3.3.3 Disaggregated model

As anticipated, the final outcome of this work is to add the model feature to the
software of GNPy. To do that it is necessary to express the SNR of the total
system in a disaggregated manner. This to allow the usage of a metric that can be
accumulated step-by-step as the DT computes the propagation effect crossing the
network elements. First of all it is useful to recall the definition of the disaggregated
ISNR given in Equation 1.5.

M
ISNR=Y"ISNR, (3.76)

i=1

Which is the target of the current session, namely to derive a QoT metric based on
the disaggrgated definition of ISNR. Taking as a reference the diagram in Figure 3.2,
it has been shown in Equation 3.68 that on each i-th noise field contribution acts
the Jones operator T,;. Regarding the transmitted signal §, in Equation 3.72
it has been shown that no Jones operator acts on it thanks to the DSP action
that fully recovers it. As first step, the expression of ISNR is derived in terms of

32
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electromagnetic fields using Jones formalism for both the polarization axes x and y.

1
ISNR, = ———
GSNR,
B SM T - 2
B |5 2|2
-1
B Zf\i1 | (T(l—n'—l)) n; - j|2
- 2

B

= 2

i=1 |§5fj

(3.77)

The computation fot y-axis is symmetric, therefore the metrics to accumulate for
both the polarizations are:

ISNR,, = P (3.78)
_1 2
‘(T(Hi1)> RN

ISNR,, = ERE (3.79)

Working with fields and random vectors such as 7; is not simple, both for software
implementation on GNPy and for Monte Carlo simulation purposes, as it will
pointed out in chapter 5. Therefore, as anticipated in the introduction, working
with powers and intensities is more effective. To conclude the derivation of the
disaggregated model it is needed to pass from field to power formalism, using
power transfer matrices. This can be done converting the terms on the ISNR
accumulated metrics of Equation 3.78. The correctness of such process is proved
by demonstrating the equality between the disaggregated GSNR with respect to
the system SNRs computed in Equation 3.74 and Equation 3.75:

-1

1 [ o o
GSNR. = ISNR-!'= g: (T(1—>i—1)> T(1—>i—1) © Pni - ¥
' Co\E ERE
1 1
2 M 71 TTfl 2L A
Zi:l( (141'71)) (1—i—1) ® Pni- T
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Consequently, regarding y-polarization:

-1

T
M T—l . T—l - @ﬁnl . g
GSNR, = ISNR ! = Z( (1—i 1)) _,(1_31 1) :
’ ! i=1 |5 g
1 1
- 5 M -1 [ . R = SNRRX,y U (381)
2im1 (T(l—n'—l)) T(l—n’—l) O Pniy

Ovserving the structure of Equation 3.80 and Equation 3.81, it is possible to notice
that such expression of the problem is equivalent to the diagram in Figure 3.3, where
the ISNR is computed for a sequence of receivers, provided by DSP, distributed
along the link.

Figure 3.3: Disaggregated model block diagram

In conclusion, after the previous derivation, it can be asserted that a disaggre-
gated model suitable to compute the GSNR of a sistem in which PDL and noise
are inserted by WSSs along the path has been successfully developed. Such model,
working with powers and intensities rather than Jones vectors for electromagnetic
field, is suitable to build a software simulator to inspect the effect of PDL on a
cascade of M PDL devices, through Monte Carlo analysis. Such work will be
discussed in chapter 5, where the analysis results will be provided.
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Chapter 4
Experimental Analysis

After deriving the mathematical tools for modelling PDL impairments in chapter 3,
the work of this thesis focuses on an extensive experimental validation. A mea-
surement campaign has been carried out at Links Foundation laboratories, within
Politecnico di Torino. The scope of the campaign was to obtain a penalty in term
of SNR for PDL, based on a setup composed by a cascade of WSS, investigating
the effect of the noise introduction on the SNR distribution when the polarization
alignment among the devices changes. For power budget reasons the maximum
number of WSSs in the cascade has been set to three. Also the cases of a single
WSS and two WSSs have been considered. All the measurements have been taken
for four different frequencies of the input optical signal, and also the way in which
the noise is injected in the setup has been changed, adding it at the transmitter
stage, at the receiver stage and in a distributed way.

The work was divided into three stages, starting with a simple configuration and
ending with the most complex one. The first one (setup number 0), described in
section 4.2, with just a WSS and a polarization analyzer, was used to characterize
the PDL behaviour vs frequency for each WSS. The second one (setup number
1), as it will depicted in section 4.3, aimed to characterize the PDL for the entire
system vs frequency without the insertion of noise. In addition, setup number
1 has been used to set the measurements parameters such as the repetitions of
measurements required by the system to obtain a stable measurement process. The
final setup (setup number 2) was the most complex one. As it will be discussed in
section 4.4, the insertion of noise, the usage of a transceiver, provided by DSP, has
been the core of the measurement of PDL effect.

The measurement process has been carried out automatically exploiting the
remote control of the instruments through a General Purpose Interface Bus
(GPIB) [38]. All the scripts used to send commands to the instruments and
to run the measurements procedures were coded in MATLAB. This approach
allowed to automatize and parallelize the thesis work activities, saving time and
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resources. Nevertheless, the measurement process took some weeks to be completed,
due to its extension in terms of number of experiments and experiments complexity.

4.1 Devices

In this section the main devices adopted to perform the laboratory part of the thesis
work is listed and some of their key features are underlined. All the devices are at
Links Foundation optical laboratory, at OptCom research group disposal. Some
devices, especially polarization scramblers, were required also by other research
projects. Therefore, time management and laboratory sharing have been important
to perform as much measurement as possible to give consistency to the laboratory
validation.

4.1.1 WSS

The WSS adopted is the Cisco NCS 2000 16-port Flex Spectrum ROADM Line
Card (NCS2K-16-WXC-FS), which is part of Cisco’s Network Convergence System
2000 [39]. This line card supports advanced Reconfigurable Optical Add-Drop
Multiplexer (ROADM) capabilities with features like colorless, contentionless, om-
nidirectional, and flexible spectrum (CCOFS) functionalities. These features enable
software-driven wavelength routing, eliminating the need for manual interventions
and allowing dynamic network adjustments. Its key features are:

o Colorless ROADM Ports: Ports are not frequency-specific, allowing for easier
provisioning and dynamic restoration.

« Contentionless Add/Drop: Supports multiple wavelengths of the same fre-
quency from a single add/drop device.

e Omnidirectional Ports: Wavelength rerouting can be managed entirely by
software without physical fiber relocation.

o Flex Spectrum: Allows flexible spectrum allocation for single wavelengths or
multicarrier superchannels, enabling more efficient use of available bandwidth.

A summary of the main specifications follows:

» Optical Specifications: Supports 96 channels spaced at 50 GHz with a total
of 384 slices (4800 GHz). The card also offers various attenuation and power
specifications.

 Physical Specifications: The line card occupies two slots, weighs 9.92 1b (4.5
kg), and has a maximum power consumption of 100W.
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4.1 — Devices

o Management: Features include LEDs for status indication and integration
with Cisco Transport Controller for operations and maintenance.

4.1.2 Polarization scrambler and analyzer at TX side

To perform the PDL measurements of section 4.2 and section 4.3, a combination of
a polarization analyzer and scrambler has been adopted at TX side. Namely, the
chosen devices were the PM1000 Polarimeter [40] and the EPS1000 Polarization
Scrambler /Transformer [41], by Novoptel. A brief list with their key features
follows.

PM1000 Polarimeter:

o Measures all four Stokes parameters, with displays on the Poincaré sphere
and in oscilloscope mode.

« Supports various modes for displaying Stokes vectors (normalized, exact,
non-normalized).

o Features a 100 MHz polarization state sampling frequency and can record up
to 64 million polarization states.

o Offers real-time display and various triggering options, suitable for automated
long-term polarization transient assessments.

o Available as a standalone desktop unit, a module card, or an intellectual
property (IP) core.

o Optional extensions include O-E-S-C-L-U band operation and tunable C&L
band laser modules.

EPS1000 Polarization Scrambler/Transformer:

« Functions as a polarization scrambler with additional capabilities like polarizationt
dependent loss (PDL) measurement.

« Supports PDL measurement in different modes and is capable of high-speed
polarization state changes.

Their combination is ideal for characterizing photonic integrated circuits (PICs)
across multiple optical bands. The capability of synthesizing desired polarization
states and conducting advanced polarimetry on devices under test is accompanied
by the support of Mueller and Jones matrix measurements with high temporal
resolution, as well as polarization mode dispersion analysis.

These devices are designed for precise polarization state measurements and
manipulations in various optical testing scenarios, including those involving photonic

37



Experimental Analysis

integrated circuits, optical ground wires, and complex polarization-dependent
devices. They provide advanced features for long-term monitoring, real-time
analysis, and automated testing, making them suitable for both laboratory and
field applications.

4.1.3 Tunable laser

The transmitted signal in the first two setups illustrated in section 4.2 and section 4.3
is emitted thanks to a tunable laser of the Keysight 819xxA Series [42]. These lasers
are designed for high-performance optical testing, particularly for characterizing
optical devices at high power levels. They are capable of delivering high output
power, with some models reaching up to +15 dBm, making them suitable for testing
both active and passive optical components, including amplifiers and broadband
devices. Each model covers various wavelength ranges across the S-; C-; and
L-bands, with the 81960A model offering an extensive range from 1505 nm to 1630
nm.

One of the standout features of the 81960A model is its fast swept spectral
loss measurement capability, which combines fast sweep speeds with dynamic
accuracy. This makes it ideal for Dense Wavelength Division Multiplexing (DWDM)
component measurements and real-time updates during testing procedures. The
lasers in this series are known for their high dynamic accuracy, which is crucial
for precise adjustments and calibrations of DWDM components. They support
continuous sweep modes with wavelength logging, ensuring that measurements are
both accurate and reliable.

The series also includes models with internal modulation features, which are
particularly useful for time-domain extinction and transient testing of optical
amplifiers. Features like coherence control help to avoid interference-induced power
fluctuations, while Stimulated Brillouin Scattering (SBS) suppression allows for
the launch of high-power signals into long fibers without causing impairment in
time-domain measurements.

These lasers are designed with a modular approach, making them compatible
with Keysight’s mainframes, such as the 8163A/B and 8164A /B. This modularity
provides flexibility and cost-effectiveness for both single-channel and DWDM appli-
cations. Additionally, the lasers feature built-in wavelength meters and dynamic
power control loops, which enhance measurement precision and reproducibility.

4.1.4 Polarization scramblers within the optical link

The two polarization scramblers connected to the setup in section 4.3 and section 4.4
are responsible for changing the PDL alignment between the WXCs, so that it is
possible to collect SNR distributions.
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The first one is of the Thorlabs PL100 Series [43], a benchtop device designed for
in-line deterministic polarization control. This instrument is crucial in applications
where stable output polarization is required, regardless of variations in input
polarization. It offers high precision, with a SOP accuracy of +0.25° on the
Poincaré sphere and a degree of polarization accuracy of +0.25%. Additionally,
it features low insertion loss of less than 1.1dB and a PDL of less than 0.05dB,
ensuring minimal signal degradation.

The PL100 Series operates over a dynamic range from -20dBm to +15dBm and
supports a wavelength range of 1200 to 1700 nm, making it versatile for different
power levels and optical systems. It functions within an operating temperature
range of 5 to 45°C, providing reliable performance across various conditions.

This device is particularly useful for deterministic polarization control and
locking, serving as a modern replacement for traditional looped fiber (paddle)
controllers. It is well-suited for applications such as SOP scrambling and coupling
into polarization-maintaining fibers. The PL100S model uses a standard single-
mode fiber output and can replace looped fiber controllers in various setups. For
remote operation, the SOP Locker can be controlled via USB, with drivers available
for multiple programming environments.

The second scrambler is one of the Agilent 11896A Polarization Controllers [44],
which are essential tools for optical testing, particularly in applications requiring
precise polarization adjustments. These controllers are designed to enhance the
measurement accuracy of polarization-sensitive devices such as EDFAs,; single-
mode fibers, and modulators by allowing for automatic and manual adjustments of
polarization states without altering optical power.

The Agilent 11896A operates within a wavelength range of 980 nm and 1250
to 1640 nm, offering a motorized polarization adjustment with minimal optical
insertion loss. It is capable of fast measurements, rotating 360 degrees in less than
half a second, making it suitable for applications like PDL measurements.

These controllers are equipped with user-friendly features such as manual ad-
justment capabilities, save/recall registers for quick state changes, and remote
control options via GPIB. Their specifications highlight a commitment to precision,
with characteristics like low insertion loss and high polarization extinction ratios,
ensuring reliable performance across various optical testing scenarios.

4.1.5 Transceiver

To add the DSP functions to the final setup in section 4.4 and to inject the
transmitted signal, measuring the BER, a state-of-the-art transceiver system has
been chosen. This system is designed to handle the rapidly growing demand for
video traffic and supports high-capacity, high-performance networking for various
applications, including metro, long-haul, and submarine environments.
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The transceiver supports up to 4.8 Tbps of client traffic and 4.8 Thps of
trunk traffic within a compact 2RU form factor, offering a significant increase in
capacity over previous generations. In addition, the system allows fine control
over modulation formats (from BPSK to 64-QAM) and baud rates (28Gbd/s
to 72Gbd/s), enabling customized spectral efficiency and reach characteristics.
The system supports a wide range of applications, from metro to long-haul and
submarine, with software-configurable trunk line rates from 50G to 600G, while
providing AES-256 encryption for secure data transmission, crucial for data privacy.

It offers comprehensive management tools, including streaming telemetry for
real-time monitoring and headless operation to ensure uninterrupted data flow
during software upgrades. The system is designed to operate within a wide range
of environmental conditions and includes redundant power supplies and fans for
high availability.

4.2 Setup 0: single WSS characterization

The first setup was built to characterize some Cisco WSSs in term of PDL vs
frequency, in order to select the ones suitable for the PDL model validation. A
frequency dependency of PDL has already been observed [26], thus this initial
step has been necessary to characterize each WSS, also allowing a future software
representation of them, which is discussed in chapter 5.

BNC

Pol. Pol.
scrambler analyzer

IN out IN DUT
O o O

Figure 4.1: setup 0
Three Cisco WXC have been considered. Since each WXC can be used both in
MUX and DEMUX mode, six possible PDL devices were available, namely:
o WXC number 2 MUX / DEMUX
o WXC number 3 MUX / DEMUX
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o WXC number 4 MUX / DEMUX

Their specifics have already been discussed in section 4.1. The first experiment
aimed to characterize their PDL vs frequency curve. In Figure 4.1 the setup is
showed. A tunable laser was connected to the polarization scramble and analyzer,
which were responsible to perform the PDL measurement. In Figure 4.1 it ca be
seen that a coupler was inserted before the WXC under examination. This to
characterize a setup as similar as possible to the ones that follow, since the final
objective is to insert a certain amount of noise along the optical link. However, at
this stage no ASE noise has been injected in the link, as it is pointed out by the
black barred lines in Figure 4.1.

The measurement process is depicted in Algorithm 1. For each frequency the
PDL measurement has been repeated 10 times, computing both the average and
the standard deviation in order to produce errorbars when plotting the result. The
frequency sweep ranges from 191.4 THz to 196 THz, considering 75 equispaced
frequencies.

Algorithm 1 Characterization of PDL vs frequency for each Cisco WXC
1: for w in wavelength set do

2 Laser wavelength < w

3 fori=0;i<9;i++ do
4 PDL < measure PDL
5: Store measurement

6 end for

7: end for

The measurement outcome is provided in Figure 4.2. It represents the PDL
averaged each 10 measurements for all the frequencies considered in the sweep
mentioned above. For each point, 90% confidence intervals have been plotted as
errorbars. The first observation is that PDL introduced by each WXC is strongly
frequency-dependent. The objective of this experiment is to select the WXCs and
the frequencies of interest to proceed in the model experimental validation process.
In order to ease the comparison with Monte Carlo simulations, there is the need
to select some frequencies for which the value of PDL of each WXC is almost
constant. This is the case for WXC 3 MUX, WXC 3 DEMUX and WXC 4 MUX in
correspondance to approximatively 192 THz and and 195.5 THz. Therefore, these
three WXC configuration have been chosen to carry out additional experiments.
In addition, 191.5 THz and 194.5 THz were considered as frequencies too, since
in these conditions, the chosen WXCs can be disposed to have an increasing and
decreasing value of PDL along the devices cascade. The definitive WXC order has
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been set to:

WXC 3 DEMUX = WXC 3 MUX = WXC 4 MUX (4.1)
To summarize, the selected frequencies are:

191.5 THz, 192.0 THz, 194.5 THz, 195.5 THz, (4.2)

A final consideration is that the amount of PDL introduced by the considered
WXCs is limited (around 0.2 dB), therefore if an EDFA is added to the setup
to restore the signal power, its PDL has to be considered non-negligible and the
amplifier must be characterized. This reasoning will come out later on, when
dealing with the cascade of 3 WXC, which posed some challenges in term of power
budget.

PDL WXC Port 17

0.5 T T T T
—T-WXC_2.MUX
045 Afs Jl|h WXC2DMX
T AR WXC_3.MUX
04 i |/ 17 wxc.3DMX[
I WXC_4-MUX
0351 oAV N PVl WXC_4DMX [
- T VA = CAN \\ —
o 03 K, K/ &
=3 \ N (RN
= 0251 Tl Va - A A R—R Y 7
(=) /A / = . e
g A N/ \
02} - SR ST
015 L
I # 5
0.1 T j= g _ =
— N/ by
0.05 - o -
0 | | | 1 |
191 191.5 192 192.5 193 1935 194 194.5 195 195.5 196
f [THz|

Figure 4.2: PDL vs frequency comparison among the available WXCs

The amount of PDL introduced by each WXC for each selected frequency,
looking at Figure 4.2, is provided in Table 4.1. It is possible to notice, especially
for 194.5 THz that the PDL is decreasing among the WXCs, and for the other
frequencies it is almost stable.

4.3 Setup 1: cascade of WSS characterization

The second setup focuses on characterizing the cascade of WXCs, in term of the
amount of PDL that is experienced by the laser signal without inserting any noise
along the path. This part is important to set some key measurement parameters,
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frequency [THz] | WXC 3 DMUX [dB] | WXC 3 MUX [dB] | WXC 4 MUX [dB]
191.5 0.20 0.31 0.28
192.0 0.21 0.23 0.22
1945 0.37 0.22 0.14
195.5 0.20 0.19 0.18

Table 4.1: Amount of PDL for each of the selected WXCs for each frequency

such as the number of measurements to take in order to provide an accurate and
reliable PDL measure. Not only, this part of the measurement process is also
important to characterize the system in view of the comparison that will be carried
out with the outcome of the Monte Carlo analysis. Indeed, the simulation has
to be performed setting its system parameters to be as similar as possible to the
laboratory system, to give a plausible comparison.

Pol. Pol.
scrambler analyzer
IN ouT

Figure 4.3: setup 1

The setup scheme is given in Figure 4.3. The transmitter part is the same
as section 4.2, exploiting the tunable laser, the polarization scramble and the
polarization analyzer. What changes is the number of WXCs inserted along the
link. As in section 4.2, the optical splitters have been connected between the WXCs
even if no noise is injected (signed with black barred lines), to characterize a system
as similar as possible to the final setup. In addition, between the WXCs also two
polarization scramblers have been connected. Such instruments have a pivotal role
in the measurement process. As already anticipated, PDL is aligned with different
angles in the WXCs, and this angle, in general, is not known and it is modeled as a
uniform random variable. This misalignment of PDL is made random also by the
optical fiber birefringence. The changes in PDL alignment along the path are time
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varying, and depend also on external causes, such as vibrations. The scramblers
within the link are responsible to recreate this environment in laboratory conditions,
so that the signal generated by the laser crosses at each measure a different PDL
alignment along the path. The scrambler at TX side instead plays a different
role: it allows to change the polarization of the transmitted signal, exploring the
Poincare sphere, and measuring PDL through an opportune algorithm.

The green connection in Figure 4.3 represent the fact that both the cascade of
two and three WXCs have been characterized. Two main test have been carried
out:

» Keeping the scramblers fixed, repeat the PDL measure to select how many
measurements are necessary to have a stable PDL mean and standard devia-
tion.

o Activate the scramblers at each measurement in order to change the PDL
alignment, then select the number of measurements for which the maximum
and minimum of PDL are stable to be sure that the number of explored
alignments is large enough.

The two experiments are summarized with the following algorithms:

Algorithm 2 Characterization of PDL’s mean and standard deviation with fixed
scramblers

1: for w in wavelength set do

2: Laser wavelength < w

3: for i = 0; i < Nypeqs; i++ do
4: PDL < measure PDL

5: Store measurement

6: end for

7: end for

8: u, o < compute mean and standard deviation from PDL measurements

The previous experiments have been repeated for different frequencies of the
tunable laser, inclusing the four chosen in section 4.2, and for the cascade of two
and three WXCs. The outcome of these tests follows.

4.3.1 Cascade of two WSSs

The first test aims to select the minimum number of measurements, with fixed
scramblers, for which the PDL mean adn standard deviation are stable enough.
In Figure 4.4 the mean for different frequencies and for an increasing number of
measurements is reported. As it can be seen, such measurement is very stable, even
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Algorithm 3 Characterization of PDL’s minimum and maximum with polarization
scrambling between measurements

1: for w in wavelength set do

2: Laser wavelength < w

3: PDL,u <0

4: PDL,;, <

5: for i =0;1 < Nyeqs; i++ do
6: move polarization scramblers
T PDL < measure PDL

8: if PDL > PDL,,,, then
9: PDL,,.. < PDL

10: else PDL < PDL,,;,

11: PDL,;, < PDL

12: end if

13: end for
14: store PDL,,,, and PDL,,;, corresponding to the current frequency
15: end for
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when few measurements are available. This holds for almost every tested frequency,
except for 194 THz, which is not among the four frequencies chosen in Equation 4.2.
The amount of PDL is not significant in this test, since scramblers were fixed.
Therefore, a certain PDL alignment was kept fixed between the WXCs, among the
all possible polarization alignments. The focus of the experiment was only on the
measurement stability, which is satisfactory also when few measurements are taken.
This is good in terms of required time to perform the measurement process, that
can be saved limiting the repetition of the measure with fixed scramblers to less
than 10 for the four selected frequencies in next steps.

PDL p when increasing the number of measurements
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Figure 4.4: PDL mean with respect to the increasing number of measurements
with fixed polarization scramblers

Regarding the standard deviation measurement, as it is depicted in Figure 4.5, its
magnitude is reduced with respect to the PDL mean value. Comparing Figure 4.4
and Figure 4.5, chosing the most critical frequency, which is 194 THz, the PDL
mean value stabilizes around 0.3 dB, while its standard deviation is always less
than 0.07 dB and stabilizes around 0.045, therefore o is 15% of . On the other
hand, if the focus is on the four selected frequencies in Equation 4.2, this ratio is
lower. For instance, considering 195.5 THz (the highest one), the ratio is equal to
11% while for 194.5 (the lower one) it is equal to 1.5%.

Not only, also in this case in which standard deviation is measured, less than
10 measurements are enough to find a sufficiently stable standard deviation value,
therefore the time saving is confirmed also by this second test.

The last experiment carried out on this setup is meant to evaluate how many
times it is needed to activate the polarization scramblers to explore as much as
possible the Poincare sphere, in order to collect significant distributions in the
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PDL o when increasing the number of measurements
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Figure 4.5: PDL standard deviation with respect to the increasing number of
measurements with fixed polarization scramblers

next step discussed in section 4.4. This is obtained by measuring the maximum
and minimum PDL value for increasing number of scramblers activations, whose
result is reported in Figure 4.6. As it can be seen a large number of measurements
is required, since even after 500 measurements the values of PDL maximum and
minimum can increase significantly. Some frequencies are more stable than others:
among the chosen ones, the most problematic are 194.5 THz and 195.5 THz, which
show changes in, respectively, PDL min and max values after 500 measurements.
On the other hand for 191.5 THz and 192 the situation seems to be more stable.
Starting from these considerations, it has been decided to take at least 1000
measurements activating the scramblers when facing the situation in which 1 or 2
WXC are connected to the link. This condition was more than met in the successive
experiments discussed in section 4.4, when more than 2000 measurements were
taken to ensure an extensive exploration of the Poincare sphere.

4.3.2 Cascade of three WSSs

Many of the considerations developed in subsection 4.3.1 hold also when three
WXCs are inserted in the link. In Figure 4.7 and Figure 4.8 results for PDL mean
and standard deviation versus number of measurements with fixed polarization
scramblers are provided. In this case there is a slight difference in achieving
stability, since more measurements are needed. Also the mean and standard
deviation magnitudes are higher, which was expected since more elements are
inserting PDL in the link. Nevertheless, the ratio between standard deviation and
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Figure 4.6: PDL max and min with respect to the number of times the polarization
is scrambled

mean, which was mentioned in subsection 4.3.1, remains lower than 11% (which
was the case when frequency was equal to 193.5), therefore the same considerations
on time saving hold also in this case.
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Figure 4.7: PDL mean with respect to the increasing number of measurements
with fixed polarization scramblers
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Figure 4.8: PDL standard deviation with respect to the increasing number of
measurements with fixed polarization scramblers

Finally, Figure 4.9 depicts the last experiment carried on setup number 1. In
this last case the outcome is, as expected, that with three WXCs an higher number
of possible PDL alignment exists between the devices, therefore it is necessary to
activate the polarization scramblers more time in order to explore the as much as
possible the states of polarization. As in the case of two WXCs, 194.5 THz and
195.5 THz are the most critical frequencies among the four chosen ones, showing
PDL maximum and minimum changes also very close to 2000 measurements.
As a consequences, it has been established that at least 2000 measurements are
needed when three WXCs are connected to the link, which was met in experiments
described in section 4.4.
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Figure 4.9: PDL max and min with respect to the number of times the polarization

is scrambled

4.4 Setup 2: introduction of noise and DSP

The final set of experiments is the core of the laboratory validation of this thesis
work. The aim is to study how the setup is affected by PDL impairment in term of
OSNR, taking into account the effect of PDL on ASE noise when DSP is present
to recover the transmitted signal at RX side.

Scrambler Scrambler

Figure 4.10: setup 2

The setup is showed in Figure 4.10, where it can be seen that the transceiver
embedding DSP functions is a state-of-the-art linecard, which has been described
in subsection 4.1.5. All the link is the same of what showed in Figure 4.3 for setup
number 1. The only differences are the addition, at TX side, of an EDFA and the
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connection of the ASE noise sources to the optical splitters, since in this final part
noise has been injected within the optical link. The EDFA was necessary for power
budget reasons: the linecard was not able to detect the signal since the RX power
after the combination of WXCs, scramblers and splitters was under its sensitivity.
The EDFA addition solved such problem, but it is necessary to consider that also
the EDFA is both a noise source and a PDL device. For this reason it has been
necessary to characterize the EDFA in terms of PDL and noise power. The EDFA
operates in costant gain condition, with a gain equal to 17 dB. The EDFA output
power during the measurement campain was equal to 12 dBm. To characterize the
EDFA PDL, a total of 10 PDL measurements have been taken for each one of the
four frequency of interest. Table 4.2 summarizes the characterization providing
the average PDL for each frequency. Comparing the EDFA characterization with
Table 4.1 it is clear that the amount of PDL introduced by the EDFA is not
negligible with respect to the ones introduced by the WXCs. This will came out
in the following sections, as the EDFA can be considered as an additional PDL
element in cascade with the WXCs.

frequency [THz] | 191.5 | 192.0 | 194.5 | 195.5
PDL [dB] | 0.11 | 0.10 | 0.20 | 0.17

Table 4.2: Amount of PDL inserted by the upstream EDFA for each frequency

Looking at Figure 4.10, the green dashed lines point out that the experiment has
been repeated for one WXC only, for two WXCs and for three WXCs, respectively
connecting the linecard RX port to the first WXC, to the second and to the third
ones. The experiment consisted on collecting the RX OSNR distributions, obtained
through the linecard BER measurements, for all the four frequencies of interest
reported in Equation 4.2. To do that, before each BER measurement both the
polarization scramblers were activated in order to change the PDL alignement of
the devices similarly of what has been done in section 4.3 to obtain the maximum
and minimum value of PDL showed in Figure 4.6 and Figure 4.9. Each BER
measurement has been repeated three times, keeping fixed the scramblers, averaging
to obtain more reliability. The algorithm of the measurement process follows:

Regarding the noise injection, three strategies have been adopted, exploiting
three VOAs connected to the ASE sources, namely:

o TX: all the noise injected before the WXCs.
o DISTR: noise distributed equally among the splitters.

o RX: all the noise injected in the last splitter, closer to the WXC at RX side.
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Algorithm 4 BER measurements for OSNR distribution derivation:
Npeas: number of times the scramblers are activated
Nmeas: NUMber of measurements to be repeated while the scramblers are fixed

1: for w in wavelength set do
2: Laser wavelength < w

3: for i = 0;1i < Nyeqs; i++ do

4: move polarization scramblers

5: > repeat with noise injection at TX, RX and distributed
6: for mode in [TX, DISTR, RX] do
7 BER <+ 0

8: for j = 0; j < Nyneas; j++ do
9: BER ¢ BElncasuzea

10: end for -

11: store BER

12: end for

13: end for

14: end for
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To ensure a correct noise injection, VOAs have been set in order to keep a fixed
OSNR value in correspondence to the receiver, so that the received BER, measured
by the linecard was around 10~%. The OSNR values for each configuration are
reported in Table 4.3. To obtain such effect, the signal and noise power have been
measured at RX side for each frequency and noise injection strategy. Each noise
source has been connected to a VOA to control the amount of noise power provided
by each source. Then, the VOA attenuation values have been set in order to make
the received OSNR matching the required one. In the case of distributed noise such
process has been more complex, because the noise must be balanced among three
different sources. When just one WXC, only the TX strategy has been adopted,
since the only splitter included in the setup was the one right after the EDFA at
TX side. When dealing with two WXCs, to follow the RX strategy all the noise
was injected in the splitter preceding the second WXC, since the last one on the
right side of Figure 4.10 was excluded from the link.

1 WXC | 2WXC | 3WXC

TX | 11.7[dB] | 11.7 [dB] | 12.7 [dB]
DISTR | 11.7 [dB] | 11.7 [dB] | 12.7 [dB]
RX |11.7 [dB] | 11.7 [dB] | 12.7 [dB]

Table 4.3: Received OSNR for each configuration and noise injection strategy

Some issues have been experienced during the measurement process. First of
all, the transceiver could not operate 100% of the time, since sometimes it was
necessary to reboot it for reasons that have not been determined. In addition, a
significant amount of time was needed by the polarization scramblers: to change
the polarization alignment a pause, ranging from 1 to 2 seconds, was waited. This,
as anticipated in section 4.3, had been repeated more than 1000 times for each
configuration (1, 2, or 3 WXCs) and for each frequency, in order to explore as much
polarization alignment as possible. Such need led to measurement sessions that
often lasted for many days. During this time, a linecard block could slow down
even more the process. All the measurements have been collected in automated
way, exploiting the remote connection of the setup devices, illustrated in section 4.1.
Sections from 4.4.2 to 4.4.4 provide the OSNR distributions derived from the BER
measurements obtained through the algorithm 4.
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4.4.1 Back-to-back characterization and transceiver penalty

In this section, the process to obtain the OSNR distribution starting from the
BER measurements collected by the transceiver is illustrated. There are two main
reasons to perform the following analysis, instead of simply considering the OSNR
and SNR measurements directly provided by the linecard:

e The card is way more accurate when measuring the BER rather than the
OSNR.

« Through a back-to-back characterization, it is possible estimating the transceiver
penalty, getting rid of it and then obtaining the OSNR distributions.

In order to get rid of the transceiver penalty, the same procedure described
in [45] has been adopted. The first step is to collect all the back-to-back BER
curves for all the frequencies of interests and for both the x and y polarizations.
Then fitting the curves obtained from the measurements through the theoretical
formula for the BER curve of DP-QPSK modulation, it is possible to estimate the
transceiver penalty for each frequency. Such penalty, called intrinsic transceiver
SNR (SN Rrgryx) is computed as follows:

SNRrwy = [ (BER) - SNR™] (4.3)

where BER and SN R are the back-to-back measurements, while W is the theoretical
BER formula for DP-QPSK, namely [46]:

U(x) = ;erfc ( ;x) (4.4)

The BER variations for the different frequencies and polarizations are depicted in
Figure 4.11, with the fitting curved obtained to compute SN Rrrx. The complete
set of estimated SN Rrrx is provided in Figure 4.12, wit the best-fit estimate
of SNRrrx at 17.05 dB. The variations observed in SN Rrgrx across different
frequencies are assumed to result from fluctuations introduced during measurement,
while the differences between polarization states are attributed to polarization-
dependent loss inherent in the B2B setup.

After determining the transceiver intrinsic SNR, it is possible to compute the
value of OSNR from the BER measurements of the linecard, according to the
following expression:

OSNR = — . (4.5)

2-er feinv?(2-10BER) ©— SNRrpgpx
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In addition to the previous steps, the OSNR distributions have been processed by
subtracting the moving average with a window of 10 OSNR values. This operation
was necessary since the measurement campaign have been carried out in multiple
days, therefore some fluctuations of BER mean value have been observed. After
removing the moving mean, also some remaining outliers have been neglected. Such
values were largely out of range and they were experienced in correspondence to the
linecard switching on, thus, they are not significant at all. The OSNR distributions
are provided in sections from 4.4.2 to 4.4.4, with some consideration on their shapes,
related to the particular experimental conditions and the expected outcome.

4.4.2 Single WXC

In this section and the two that follow, the OSNR distribution obtained by the
second setup showed in Figure 4.10 are provided. In Figure from 4.13 to 4.16,
the case in which a single WXC introduces PDL is depicted. In this case a total
amount of 1000 measurements have been taken, according to the observation of
the measurement number made in section 4.3.

OSNR - X polarization - 191,5 THz
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150 CITX
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150 CITX H

Figure 4.13: SNR distributions for 1 WXC and f = 191.5 THz

Many observations can be done. First of all, looking at the case in which all
the noise is injected in the first splitter before the WXC, represented by the green
color, it is clear that the distributions are stretched rather than beeing almost
similar to a delta. According to what expected, the noise injected at TX side should
experience the same amount of PDL of the transmitted signal, therefore the DSP
is able to recover it, leading to a delta-shaped distribution of OSNR. This does not
happen because of the EDFA upstream of the noise injection: as already seen in
its characterization in Table 4.2, the amount of PDL, that it introduces in the link,
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Figure 4.14: SNR distributions for 1 WXC and f = 192.0 THz
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Figure 4.15: SNR distributions for 1 WXC and f = 194.5 THz

is not negligible with respect to the one introduced by the WXCs. This leads to
the fact that the considered setup can be considered as id two PDL devices are
posed in cascade, rather than a single one. In additon, it can be observed that the
distributions shape is variable with the frequency. This is as expected, since PDL
is frequency and port dependent, as seen in section 4.2. The fact that at lower
frequency (191.5 THz and 192.0 THz) distributions are more stretched than the
cases with higher frequencies (194.5 THz and 195.5 THz) is not trivial, and does
not depend only on the EDFA PDL introduced at that frequencies. The effect is
a consequence in how the PDL of the EDFA interacts with the PDL introduced
by the ASE sources. This kind of analysis is out of the scope of this master thesis
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Figure 4.16: SNR distributions for 1 WXC and f = 195.5 THz

work, therefore it is left for further investigations.

The last observation regards the relative position of noise and PDL injection.
Comparing the three strategies (namely TX, RX and DISTR), the case in which the
OSNR is more spread over the mean value is when the noise is closer to the receiver,
thus when considering RX strategy. This means that, looking at the negative part
of x-axis, when noise is added after the PDL devices (or, likewise, when PDL is
added before) in a larger number of cases the expected OSNR could be way lower
than the reference one, which is represented by the mean value of the distribution.
This is pivotal when determining a system margin based on PDL impairment,
which is the next step to carry out after the current thesis work. Regarding the
DISTR strategy, which represents the most common case when amplifiers introduce
noise between network nodes in which WSSs are placed, it can be observed that the
distribution is bell-shaped, which is interesting to compare with the mathematical
model outcome that will be showed in chapter 5. To anticipate such results, the
bell shape is in accordance to the mathematical model developed, validating the
theoretical analysis of chapter 3.

4.4.3 Cascade of two WXCs

In this section the case in which two WXC inject PDL in the link is considered.
As already stated in subsection 4.4.2; the presence of the EDFA upstream, which
is represented in Figure 4.10, leads to the fact that this case is equivalent to when
three PDL elements are present in cascade. Figures from 4.17 to 4.20 depicts the
OSNR distributions, obtained through the processing described in subsection 4.4.1.
In this case the number of measurements was equal to 2000 a part of the case of
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194.5 THz, for which 1600 measurements have been taken.
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Figure 4.17: SNR distributions for 2 WXC and f = 191.5 THz
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Figure 4.18: SNR distributions for 2 WXC and f = 192.0 THz
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Figure 4.19: SNR distributions for 2 WXC and f = 194.5 THz
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Figure 4.20: SNR distributions for 2 WXC and f = 195.5 THz

The comments provided in subsection 4.4.2 are still valid in this second case.
Both the stretch for TX noise injection strategy and for the frequancy change
are observed in the same way in this experiment. An additional comment is that,
looking at the distribution extension, this second case with two WXCs is larger
than the one with a single WXC. This is as expected, since the PDL effect of the
WXCs superposes, even if it does not sum up.

60



4.4 — Setup 2: introduction of noise and DSP

4.4.4 Cascade of three WXCs

In this section three WXCs have been posed in cascade, according to the setup in
Figure 4.10. This last measurement campaign has been the most extended one, due
to the fact that the larger is the number of PDL elements, the higher is the number
of possible alignment of PDL alignments among the devices. As pointed out in
section 4.3, for this last case it has been found that more than 1000 measurements
are required. Therefore, a total of 2600 measurements has been taken, in order
to ensure an exploration of the PDL alignments as complete as possible. Figures
from 4.21 to 4.24 provide the OSNR distributions. Also in this case the procedure
followed to obtain them has been the one illustrated in subsection 4.4.1. Again, in
this last case the observations are similar to the ones provided in subsection 4.4.2
and subsection 4.4.3, confirming the correctness of such conclusions.

OSNR - X polarization - 191,5 THz

Figure 4.21: SNR distributions for 3 WXC and f = 191.5 THz
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Figure 4.22: SNR distributions for 3 WXC and f = 192.0 THz

OSNR - X polarization - 194,5 THz
T T T T

0
-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25

T T T

-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25

Figure 4.23: SNR distributions for 3 WXC and f = 194.5 THz
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Figure 4.24: SNR distributions for 3 WXC and f = 195.5 THz
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Chapter 5
Monte Carlo Analysis

As a final step of this thesis work, a software simulator of a cascade of WSSs has
been developed. Such simulator, based on the mathematical model developed in
chapter 3, aims to study the effect of PDL in conditions that cannot be investigated
in laboratory due to the large number of considered elements in cascade. Such target
is achieved through the possibility to perform a Monte Carlo analysis, based on
the statistical characterization of the PDL phenomena. In addition, this first step
allows a comparison between the outcome of the theoretical and the experimental
analysis previously carried out. Such last work is also a required milestone in order
to include the PDL effect in GNPy DT transmission model. The focus of the Monte
Carlo campaign has been the case in which PDL and noise are inserted within the
optical link in a distributed way, therefore each WSS, representing a network node,
is followed by a noise source, representing the amount of ASE noise due to the
EDFAs amplification.

The Monte Carlo campaign has been divided into three steps. First of all, the
amount of inserted PDL is uniform among the WSS, fixed to a certain value. This
choice, that simulates an environment similar to the laboratory phase, embed
the stochastic nature of PDL in the PDL alignment among the different WSSs.
Successively, another grade of complexity is added, in order to go beyond the
laboratory analysis, adding a stochastic effect to the PDL value itself, which is
modeled as a maxwellian random variable with certain mean and standard deviation
based on the measurements previously performed [26]. Lastly, following the intuition
developed in chapter 4, in which it came out that PDL penalty depends on the
reciprocal insertion of noise and PDL, some trials have been performed analyzing
the OSNR distributions when PDL inserted by WSSs is increasing or decreasing
along the link.

The simulator structure is very simple and it is represented in Figure 5.1. A
span, in this case, is defined when considering a couple composed by a WSS block
and a noise block, as it is pointed out in the block diagram. Each WSS block
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Monte Carlo Analysis

Figure 5.1: Monte Carlo simulator block diagram

is responsible to create a PDL Jones matrix, according to Equation 3.36 and
Equation 3.38, which are reported here for clarity.

ly;s = ly=1L 1
! MRl 1 (5:.1)
2
v " pdl; 1 1 (5:2)
cost; sinb;| |\/lzi O cosf; —sinb;
T, = . . (5.3)
—sinf; cosb; 0 / l,i| [sin f; cosb;

Both when PDL insertion is uniform or when it is stochastic, the angle ¢, which
represents the PDL alignment for a certain WSS, is always uniform distributed
and extracted at each Monte Carlo run:

0; ~ U([0, 27)) (5.4)

Regarding the value of PDL, when uniform insertion is considered, it is fixed to
a value equal to 0.2 dB for all the WSSs. On the other hand, when a stochastic
characterization of PDL is added to the Monte Carlo analysis, the PDL value is
maxwellian-distributed as depicted in Equation 5.5, where the values of ¢ is taken
from a previous characterization of WSSs PDL  [26].

pdl; ~ M (o) o=0.14dB (5.5)

For each run for each WSS a value of 8; and of pdl; are extracted randomly. Then
the final OSNR is computed for an increasing number of spans and the process
is repeated thousands of times, in order to derive OSNR distribution, simulating
what happened in the laboratory analysis of chapter 4. The case of uniform PDL
requires quite less runs compared to when PDL is stochastic, because of the lower
number of possible cases, having just a single aleatory quantity.
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5.1 — Uniform PDL insertion

The noise blocks, represented by the triangles in Figure 5.1, are responsible for
the noise injection and for the output noise power computation. The output power
of each noise contribution is computed through the formula derived in Equation 3.64,
which is also reported here for clarity:

(5.6)

>

— — T — —
Dout,z;i = (T(11—>z'—1)) T(11—>i—1) © Pn,i -
(5.7)

<>

— — T — —
Pout,yi = (T(11—>i—1)) T(11—>i—1) © Pn,i -

Then the noise contributions are summed up through the propagation simulation,
according to the disaggregated model of Equation 3.71:

M
ﬁn,TOT = 2 (T(Il—n'—l))T T(;l—n'—l) Qﬁnﬂ' (5-8)
i
Finally, the GSNR is computed, keeping the transmitted signal power unchanged,
since DSP is assumed to be at the end of the link, recovering the information signal
power. The process is repeated for each run. In term of computational time the
simulator is pretty fast, since simple matrix multiplications are performed. For
this reason the developed model is not only effective in describing PDL, but also
efficient, leading itself to be used also in real-time applications for GNPy.

5.1 Uniform PDL insertion

The first step is the case in which each WSS introduces the same mount of PDL.
To simulate a realistic environment, the value of PDL for each block has been set
to 0.2 dB, similarly to what obtained in characterizing the real Cisco WXCs in
section 4.2. The signal power has been set to 12 dBm, also recreating a laboratory-
like simulation, while each noise contribution has been set to -30 dBm, which is
also a reasonable quantity in term of realness. The output GSNR distributions have
been computed for a number of span that ranges from 1 to 12, and a total of 25000
runs have been performed. In Figure 5.2 and Figure 5.3 the OSNR distributions are
provided. The first observation, looking at the case of just one span is considered,
is that the distribution shape appears to concentrate far away from its mean value.
This behaviour, as the number of WSSs increases, leaves place to a bell-shaped
distribution, which becomes wider with the number of WSSs. Such growth is not
linear, and tends to saturate, which is reasonable, since the randomness of PDL
alignment causes compensations and deletions in term of PDL effect. The higher
is the number of PDL terms, the more unlikely are the worst and best cases in
which PDL is completely aligned and sums up or when it is oppositely aligned and
cancels out. Therefore the bell width increment starts to drop when considering
a large number of spans. This case is interesting to analyze mainly to compare
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Monte Carlo Analysis

the results with the outcome of the experimental analysis of chapter 4, and to
understand how the PDL alignment acts in the process, since the only aleatory
quantity is the angle #, which models the position of PDL with respect to the two
main polarization axes.
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Figure 5.2: Monte Carlo run results for uniform PDL from 1 span to 6

The uniform PDL case is helpful also to test the correctness of the mathematical
model, comparing it with the laboratory analysis outcome. When considering the
cascade of three WXCs plus the EDFA studied in Figure 4.10, the distribution width
in Figure 4.21, 4.22, 4.23 and 4.24 is around 0.15 dB. Such value is comparable with
the case in which the simulator computes the OSNR distribution for three spans
in Figure 5.2, where its width is around 0.16 dB, with the same launching power,
similar values of inserted PDL and similar values of noise power. The laboratory
case presents some differences, due to the realistic environment, but the bell shape
and its width provided by the model are in accordance with the experiment. Still,
such case is not the most realistic one. Since PDL is frequency, port and device
dependent, the general case is when its value is also a stochastic quantity, modeled
as a random variable, which is treated in the following discussion.
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5.2 — Stochastic PDL insertion

OSNR distribution - span = 7 OSNR distribution - span = 8

X polarization Y polarization X polarization ¥ polarization

&0

8 g

Occurrencies
H

Occurrencies
Occurrencies

100

015 000 015 030

C . o 1.
030 Zo3 -015 o000 015 030 030 015 000 015 030 045 o045 -030
a8 a8 @8 a8

OSNR distribution - span = 10

X polarization ¥ polarization X polarization ¥ polarization

700
00
&0 w00
500 500 %0
400 2 400 2
§ &0
100 100 100
° o o = o
o4 -2 00 02 04
a8

045 030 -015 000 015 030 045 045" 030 -015 000 015 030 045 Zos 02 o0 02 04
a8 a8

H

ccurrencies

Occurrencies
g

Occurrencies

OSNR distribution - span = 11 OSNR distribution - span = 12

X polarization Y polarization X polarization Y polarization

70
00
200
100
o

04 02 00 02 04
a8

s00

Occurrencies
Occurrencies

Figure 5.3: Monte Carlo run results for uniform PDL from 7 span to 12

5.2 Stochastic PDL insertion

As anticipated, the most realistic scenario is when PDL inserted by each WSS is
modeled as a random variable. In particular, according to the characterization in
[26], a reasonable model for PDL probability distribution is a Maxwellian-shaped
PDF with standard deviation equal to 0.14 dB, as showed in Equation 5.5. All
the remaining parameters, such as signal power and noise power are kept the same
as section 5.1, so that it is possible to distinguish the additional effect of PDL
randomness, in addition to its random alignment. The number of runs has been
increased, because of the presence of two stochastic quantities, to 50000 runs.

All the OSNR distributions are provided in Figure 5.4 and Figure 5.5. It can
be noticed that the bell shape can be observed also in this case, even considering
the case of just one and two spans. This facts suggests to hypothesize a kind of
gaussianity in the distributions, when stochastic behaviour is embedded in PDL.
This allows to consider a formulation of PDL penalty easier to compute. The
exact expression of such penalty is beyond the scope of this thesis work, and will
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Monte Carlo Analysis

be treated in further works and publications. Therefore, as last comment, it can
be observed that the distributions, either in this case and in section 5.1 are not
sufficiently smooth, which leads to the conclusion that the number of runs must be
incremented for a better analysis.

This treatment of PDL as a random variable underlines the power and the
importance of the Monte Carlo paradigm. It would be impossible to carry such
analysis experimentally, because of the practical difficulties in terms of available
devices and time to collect all the necessary measurements. The developed model
allows to predict and study a phenomena through the simulator, which simplifies
the understanding of PDL problem.
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Figure 5.4: Monte Carlo run results for Maxwellian PDL from 1 span to 6
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5.3 — Increasing and decreasing PDL along the link
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Figure 5.5: Monte Carlo run results for Maxwellian PDL from 7 span to 12

5.3 Increasing and decreasing PDL along the link

Up to this point the OSNR distribution shape has been analyzed for the cases in
which PDL is fixed for all the WSSs and when it is completely aleatory. Based
on the outcome of experimental analysis of chapter 4, it can be stated that the
reciprocal position in which noise and PDL are inserted is pivotal in determining
the kind of penalty that will be suffered due to PDL. Looking at Figure from
Figure 4.13 to Figure 4.24, it is clear that the case in which the distributions are
more stretched are when the noise is injected at RX side. A larger distribution
means an higher PDL penalty, due to the fact that more cases will be far from
the mean value, which is the expected one. Such bad cases are all the ones on
the negative part of the x-axis. Through the usage of the developed Monte Carlo
simulator and thanks to the laboratory observation, it is possible to determine
which cases are included in the negative part of the distributions. The experiments
indicates that worse results are obtained when PDL is inserter before the noise in
the link. This lead to conjecture that the case in which PDL is decreasing among
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the WSSs along the link should be worse than when it is increasing, because a
larger amount of PDL is injected in the first part of the link. This is reasonable
thinking to PDL as a quantity that tends to interfere to itself: when a lot of PDL
is injected first, then it is more unlikely that the remaining small contributions will
be able to interfere in a destructive way. The opposite when considering a value of
PDL which is small at first and then becomes higher and higher.

The current simulation has been performed with the values of PDL depicted in
Table 5.1. Such values have been chosen so that their average is equal to 0.2 dB:
in this way the average PDL along the link is the same of section 5.1. Decreasing
PDL values are obtained by flipping the sequence of increasing values. The total
number of runs is also in this case 25000 both for increasing and decreasing PDL.

WSS position | Increasing PDL [dB] | Decreasing PDL [dB]|
1 0.03077 0.36923
2 0.06154 0.33846
3 0.09231 0.30769
3 0.09231 0.30769
4 0.12308 0.27692
D 0.15385 0.24615
6 0.18462 0.21538
7 0.21538 0.18462
8 0.24615 0.15385
3 0.27692 0.12308
3 0.30769 0.09231
3 0.33846 0.06154
3 0.36923 0.03077

Table 5.1: Values of increasing and decreasing PDL with respect to their insertion
position

The OSNR distributions of this final simulation are provided in Figure form 5.6
to 5.9. As already stated, a distribution is evaluated as "worse" in term of PDL
penalty when it is more spread around its mean value, since it is more likely that
OSNR will assume values lower than its mean value, which is the expected one.
Following this paradigm, it can be asserted that, as expected, the worst case among
the two options is when PDL is decreasing among the WSSs. In all the cases, from
just a single span to 12, the bell width is higher in the case of decreasing PDL
rather than increasing PDL. For instance, focusing on the case of 12 span, the
distribution width for decreasing PDL is equal to 0.75 dB, while it is equal to just
0.3 dB for increasing PDL. This outcome is important when trying to derive a
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5.3 — Increasing and decreasing PDL along the link

closed formula to obtain the value of PDL penalty to be inserted in the software of
GNPy. This additional step is the natural prosecution of this thesis work, and it
will be the definitive target in order to include PDL effect in the optical network

DT.
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OSNR distribution - span = 7 - Increasing PDL

¥ polarization

X polarization

0
00 00
%00 o
80 £ w0
3 g
g0 € 300
8 8
0 20
w00 ™
o o -
o1 o1z -0% 0w 006 o012 o1  “oim -o12 -006 000 o1
@ @
OSNR distibution - span = 9 - Increasing PDL
X polarization ¥ polarization
0
P
o
%00
s00
o g
g gwo
g% g
§ §xo
20 o
™ w00
o o,
o2 o1 -005 om o0 ot oz oz -0t -008 000
& @
OSNR distribution - span = 11 - Increasing PDL
X polarization Y polarization
0 0
a0 o
%00 00
§ o S
3 g
g S
G g
20 20
™ ™

Occurrencies

OSNR distribution - span = 8 - Increasing PDL

X polarization

Y polarization

w00 o0
s00 500
2400 2400

13 g
8o &0
200 200
100 100
o o

EX T
a8

OSNR distribution - span = 10 - Increasing POL

X polarization ¥ polarization

00

Occurrencies

100

OSNR distribution - span = 12 - Increasing PDL

X polarization ¥ polarization

w0 0

500 00

00 g0
g

20 g 300
8

200 20

100 100

Figure 5.7: Monte Carlo run results for increasing PDL from 7 span to 12

74



5.3 — Increasing and decreasing PDL along the link

OSNR distribution - span

X polarization

- Decreasing PDL

¥ polarization

o
g 13 g
FRL 5 800 H
g g 3200
H & &
-
i i
OSNR distribution - span = 3-Decreasing POL
X polarizaton Y polrizaton
400 00
-
g 250 gzsb Emn
] S S 200
OSNR distribution - span = 5 - Decreasing PDL
X polarization Y polarization
2 x00 2300 2
£ §
s s s

Figure 5.8: Monte Carlo run results for

75

o
o5

030

OSNR distribution - spar

2- Decreasing PDL

X polarization

H

Occurrencies

]

OSNR distribution - spar

4- Decreasing PDL

X polarization

Occurrencies

°
Zoss 030

015 000 015
)

OSNR distribution - span = 6 - Decreasing PDL

X polarization

Occurrencies

00

100

¥ polarization

¥ polarization

015 000
a8

¥ polarization

decreasing PDL from 1 span to 6



Monte Carlo Analysis

OSNR distribution - spar

7 - Decreasing PDL

X polarization

¥ polarization

Occurrencies

Occurrencies

100

OSNR distribution - spar

9 - Decreasing PDL

X polarization ¥ polarization

w0 o0
s00 500
400 g%
¢ g
5500 S0
200 20
100 100
o o
050 025 050 025 000
a8
OSNR distribution - span = 11 - Decreasing PDL
X polarization Y polarization
&0 &0
s00 00
400 Bao
g 2
FE g0
38 8
200 20
100 100
0, — o -
075 -0 025 o5 Zors -0s0 025 075

000 000
a8 a8

Occurrencies

OSNR distribution - span

X polarization

Occurrencies

- Decreasing PDL

Y polarization

Occurrencies

100

OSNR distribution - span = 10 - Decreasing PDL

X polarization

™
500
Sao
i
0
100
o 8
fors "Zos0 025 om
&8
'OSNR distribution - span
X polarization
a0
%00
w0 g
g
00 H
8
200
™
o
035 -os0 023

000
a8

¥ polarization

00

Occurrencies

100

2 - Decreasing PDL

¥ polarization

H

]

H

o 1R
"o75 050 -025 025

000
a8

Figure 5.9: Monte Carlo run results for decreasing PDL from 7 span to 12

76



Chapter 6
Conclusions

The thesis work encompasses the derivation, the experimental analysis and the
software implementation of a mathematical model for GSNR computation in
presence of PDL, in the framework of open and disaggregated optical networking.

The main conclusions achieved through this discussion are related to many
aspects of PDL phenomena that have been observed, in particular:

e The way in which the noise power is affected by PDL can now be easily
estimated through a mathematical model based on power transfer matrices,
whose correctness has been proved starting from Jones matrices and vectors
theory.

e Such mathematical model can be expressed in disaggregated way, and it is
suitable to be included in a optical network DT according to the paradigm of
open networking, to enable optical NaaS.

o The received GSNR distribution, in presence of PDL effect, takes on a bell
shape, which is similar to a gaussian distribution when the number of elements
that introduce PDL is large. This effect is emphasized when considering

random distributed PDL for each WSS.

o The reciprocal insertion of PDL and noise along a lightpat plays a crucial role
in order to determine the impact of PDL on the received GSNR. In particular,
the penalty appears to be higher when PDL is inserted before noise, or when
it decreases along the path.

o A Monte Carlo simulator, based on the developed mathematical model is now
available, and through it it is possible to carry on extensive analysis that
would be impossible to held in a laboratory for resources and time reasons.
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Conclusions

The experimental measurements have been obtained in the photonics laboratory
of LINKS Foundation, and the work has been developed in collaboration with Con-
sortium GARR, thanks to which the results are a further step in open networking
tools development, which is the target of BALLOON project.

The outcome of this work is pivotal in the development of an expression of PDL
GSNR penalty in closed form, which is the natural prosecution of this thesis.
Namely, it will be possible to express the bell distributions width according to a
metric based on the statistical characterization of PDL along the path. In this way
it will be possible to estimate with a certain degree of probability how much the
GSNR will be expected to degradate. Such improvement is important to reach
a more efficient exploitation of optical networks, rather than wasting resources
considering just the worst case as it is currently done.

Further work can also focus on the experimental validation of such penalty formula
for a final implementation on GNPy DT transmission model. This would allow to
mark an additional step in treating the transmission model of optical network DT
with statistical tools, rather than deterministic ones, which is the more common
and simple way, adding completeness and correctness to the DT physical layer
abstraction. The final goal that can be achieved with the improvement of GNPy DT
is the possibility to implement optical NaaS, switching from an outdated paradigm
to a modern, efficient and advanced one.
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