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la realización esta tesis, tanto compañeros de trabajo como de Universidad, y muy especialmente a mis dos profesores de doctorado, José Alberto Hernández y David Larrabeiti,
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Abstract
Today more than ever before, service providers are under enormous pressure to reduce
operational costs while increasing business effectiveness. This often means optimizing current infrastructure investments and implementing novel networking technologies.
Customer demand is quickly evolving away from traditional one-way content consumption to a much more participative social network model that demands high capacity bidirectional information flows.
Ethernet-based networking technology has become ubiquitous in both the enterprise and
home broadband arenas. The combination of simplicity and rigorous specification has permitted a degree of integration and commoditization that other networking technologies could
not achieve. On the other hand, optical fiber has become the technology of choice in the
medium and long term in the access and metro networks, thanks to its speed, reach and
future-proof. While it seems clear that fiber is the right technology to support emerging services in the access network, there are a large variety of technologies available in the industry.
This thesis reviews the main technologies available today for access and metro networks,
and proposes contributions about network planning and optimization.
Firstly, main innovations added to Ethernet are analyzed, namely improvements related
to scalability, OAM functionality and forwarding capabilities, in order to permit Ethernet to
assume a much larger role in metro networks. After that, some of the Ethernet enhancements
previously discussed are applied to access networks. Specifically, physical and link-layer
information are combined in order to effectively set management procedures for passive
optical networks (PON). We propose an Integrated Troubleshooting Box (ITB) and show its
applicability in a number of realistic troubleshooting scenarios, including failure situations
involving either the feeder fibre or one of its branches.
Secondly, this thesis explores fiber access protocols available in the industry to support
high-speed symmetrical services. It compares four Next-Generation PON protocols from a
performance and economical perspective in a real scenario, and analyzes under which conditions 1 Gb/s symmetrical services can operate by selecting the right parameters of quality
of service, oversubscription and split ratio. Finally, a novel access network planning method
is proposed to provide 1Gb/s symmetrical services in a mixed environment of business and
residential services. In this case, a converged cost-optimized access network is implemented,
using Integer Linear Programming, which guarantees respective service level specifications
in a real scenario.
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Resumen
Hoy más que nunca, los operadores están bajo una fuerte presión para reducir gastos operacionales a la vez que deben incrementar sus ingresos. Esto implica optimizar la inversión
en infraestructuras y emplear tecnologı́as de red con proyección de futuro.
La demanda de clientes está evolucionando, y ya no se demanda tanta descarga fija
de contenido sino un entorno más participativo y social que frecuentemente implica una
capacidad bidireccional, cada vez más de alta capacidad.
Ethernet se ha convertido en una tecnologı́a cada vez más presente en redes de acceso
y metro. La combinación de simplicidad y especificaciones estables ha permitido un grado
de integración y presencia que no han alcanzado otras tecnologı́as de red. Por otro lado, la
fibra óptica se ha convertido en el medio de transmisión preferente en el corto y largo plazo,
gracias a su velocidad, alcance y escalabilidad en el futuro. Aunque parece claro que unir
fibra óptica y Ethernet es una correcta combinación, existen una gran variedad de opciones
y protocolos existentes.
La presente tesis revisa las principales tecnologı́as disponibles hoy en redes de acceso y
metro, y propone contribuciones sobre planificación, operación de red y despliegue.
En primer lugar, se analizan recientes innovaciones añadidas a Ethernet, principalmente
sobre escalabilidad, funcionalidad OAM y nuevas opciones de plano de control, que permiten a Ethernet asumir una mayor importancia en redes metro de operador. Posteriormente,
se aplican algunas de las recientes innovaciones de Ethernet a las redes de acceso por fibra.
En concreto, se combinan funciones de capa fı́sica y enlace para desarrollar mecanismos de
monitorización eficientes en las redes de acceso ópticas pasivas (PON). Se propone un dispositivo denominado Integrated Troubleshooting Box (ITB) y sus aplicaciones en entornos
de monitorización, incluyendo fallos en la fibra principal del árbol PON ó alguna de las
ramas.
En segundo lugar, esta tesis explora los protocolos de acceso por fibra disponibles en la
industria para soportar servicios simétricos de alta velocidad. Se comparan cuatro protocolos
PON de última generación desde una perspectiva económica y de prestaciones en escenarios
reales, y se analizan bajo qué condiciones se ofrecen servicios simétricos de 1 Gb/s seleccionando los parámetros adecuados de calidad de servicio, sobresuscripción y grado de split de
la PON. Finalmente, se propone un método de planificación de la red de acceso para ofrecer
servicios simétricos de 1 Gb/s en un entorno mixto de servicios residenciales y de empresa.
En este caso, se propone una red de acceso óptica optimizada en coste, usando programación
lineal de enteros (ILP), que garantiza distintos niveles de calidad de servicio en un escenario
de despliegue real.
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Chapter 1

Introduction and Objectives
1.1

Introduction

Today more than ever before, service providers are under enormous pressure to reduce
operational costs while increasing business effectiveness. Cable operators, utilities, governments, and telcos are all increasingly focused on enriching the services that can be delivered
to the residence and business, and strengthening the access and metro network to support the
demands of current and future offerings based on video, voice and data.
On the one hand, Ethernet-based networking technology has become ubiquitous in both
the enterprise and home broadband arenas. The combination of simplicity and rigorous
specification has permitted a degree of integration and commoditization that other networking technologies have been unable to achieve. Ethernet has been dominating the Local Area
Network (LAN) for many years; a high percentage of Internet traffic originates or terminates
on an Ethernet interface. Ethernet has another key advantage: it can join two extremely
powerful technologies to address the bandwidth for the coming years: optics for scale and
reach and Ethernet itself for simplicity, low cost, and ubiquity.
However, the problem of Ethernet is that traditional Ethernet is not compliant with
carrier-grade requirements, namely those related to scalability, protection, quality of service, standardization and OAM management. It is necessary to implement those capabilities
to turn Ethernet into a carrier-grade kind of technology.
On the other hand, optical fiber has become the technology of choice in the medium
and long term, thanks to its speed, reach and future-proof. Telcos have generally agreed
that Optical Fiber is the right target technology for high-speed broadband deployments, and
many of them are targeting symmetrical services up to 1 Gb/s. More specifically, there
is a general consensus that Passive Optical Networks (PON) is the access architecture of
choice. However, there are many technologies and architectures under the umbrella of PON
that implies considerations in terms of cost, planning or operations which are important to
analyze. As a result, service providers may find themselves addressing multiple challenges
by the different options of deployment considerations.
This thesis will focus on both Ethernet and Optical fiber access networks, through
contributions about planning, optimization and network design for the provisioning of 1
Gb/s symmetrical services. As starting point, and for the reader’s benefit, we will make a
brief historical introduction of these two areas, before proceeding with the motivation and
1
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objectives.

1.2
1.2.1

Historical evolution of the technologies studied in this thesis
Ethernet and Carrier Ethernet

Ethernet was invented by Robert Metcalfe and David Boggs. While they worked at
Xerox PARC in Palo Alto, they proposed a standard for connecting computers over short
distances in 1973. Metcalfe created and distributed a memo titled ”Alto Ethernet” on May
22nd, 1973 which included the well-known figure of how it would work (Figure 1.1). The
name Ethernet came from the word ether, like the ether between two radio stations, an
”omnipresent, completely-passive medium for the propagation of electromagnetic waves”.

Figure 1.1: The ether in a 1973 sketch by Robert Metcalfe
Xerox had designed Ethernet to operate with a data rate of 3 Mbps using a Carrier Sense
Multiple Access with Collision Detection (CSMA/CD) protocol to detect collisions on a
shared media link. In CSMA/CD, all stations are connected to the shared media. If a station
wants to send data, it first listens to the cable and is only allowed to send when the cable
is free. Obviously, it is possible that two stations start sending at the same time, so any
sending station listens to the cable to ensure the signal on the cable is the signal they put on
it themselves. If not, they raise Collision Detect (CD) and the station starts a random timer
and restarts after such a randon timer elapses.
In the late 1970s, Xerox started to work with DEC and Intel to promote an industry
Ethernet standard. This led to the development of Ethernet Version 1.0: a 10 Mbps version
of Ethernet, with 48-bit destination and source addresses. Ethernet Version 1.0 was then used
as the basis for the original IEEE 802.3 standard. The IEEE approved this standard in 1983
and officially published it in 1985 (ANSI/IEEE Standard 802.3-1985) [60]. In the following
years a number of enhancements were made to the original standard. These have added new
network media (for example, optical and wireless), higher data rates (1 Gigabit Ethernet,
10 Gigabit Ethernet), plus improved networking features. However, all use the basic IEEE
802.3 frame format so that Ethernet frames can be carried on old and new versions of the
technology.
Ethernet was originally conceived for bus topologies, to connect end stations and network devices. The initial bus topologies were replaced by other topologies like stars, and
it was required to work with new types of network devices, like hubs or bridges [51]. A
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hub is basically a Layer 1 repeater to connect multiple end stations (B, R, S in figure 1.2)
in different ports. So, a hub is a multiport repeater that replicates any incoming frame to all
ports. If there is a collision, the behavior would be exactly the same as if B, R and and S
were together on the same bus. A bridge is a different device: it’s a not a Layer 1 but a Layer
2 network device that relays information between two or more LAN networks. Bridges are
used to segment, or divide a network into smaller sections, called collision domains. In
Fig. 1.2, there are two collision domains, Bus LAN 1 and Bus LAN 2. Following ISO terminology, we can define bridges as Layer 2 relays, while routers are layer 3 relays. The term
switch is a more a marketing generic term that can involve any of the following a Layer 2
switch is a bridge, while a Layer 3 switch is a router.

Figure 1.2: Hubs and bridges in an Ethernet LAN
Ethernet networks forward Layer 2 frames. When a bridge receives a frame it simply
consults its forwarding table to find out which port to transmit the frame on. In figure 1.2,
when the bridge receives a frame on port 2 with destination A, it sends that frame out to port
1. At the next bridge, if existed, the process is repeated and the frame makes its way across
the network on a hop-by-hop basis.
However, when a bridge receives a frame destined for an unknown destination, it copies
the frame to all of its outgoing ports. This process is known as flooding. Eventually, the
intended destination is reached through one of the ports, and a reply is returned. Each bridge
uses this reply data to note which port corresponds to the destination. This is called the
learning process.
The flooding and learning process is only reliable when there is a single path towards
a given destination. To eliminate the possibility of multiple paths, Radia Perlman, while
working for DEC, created in 1985 the Spanning Tree Protocol (STP) [119]. STP is used
to disable bridge ports and thus block one or more of the physical paths. In addition, STP
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can also find a new route between two nodes in the network when one fails, creating a
simple protection mechanism. This simple but powerful algorithm was the basis for the
standardization by the IEEE as part of 802.1D [51]. Further improvements, like Multiple
STP [50] or Rapid STP [59], were developed. Today all of them are collected under a single
standard IEEE 802.1Q-2014 [54].
As the STP was finalized, Radia Perlman concluded her work with what she called an
algoryhme, explaining in a poem the behavior of STP [see 120, section 3.3]:
I think that I shall never see
A graph more lovely than a tree.
A tree whose crucial property
Is loop-free connectivity.
A tree that must be sure to span
So packets can reach every LAN.
First, the root must be selected.
By ID, it is elected.
Least-cost paths from root are traced.
In the tree, these paths are placed.
A mesh is made by folks like me,
Then bridges find a spanning tree.
Finally, in order to reduce unnecessary broadcast and perform some kind of traffic segmentation the concept of Virtual Local Area Network (VLAN) was created. A VLAN is a
group of end stations designed to communicate as if they were on the same physical network. This means that VLANs allow end stations to be grouped together even if they are not
located on the same LAN segment. Advantages of a VLAN include to minimize broadcast
storms, provide logical segmentations and partition traffic within groups of stations.
All the previously explained concepts is what can be named as traditional Ethernet.
Although traditional Ethernet is the most successful technology used in local area networks,
it shows certain limitations for metro and access networks. Service providers need a carriergrade version of Ethernet so that Ethernet can deployed in a similar way as other carrier
technologies.
To define standards and to accelerate the acceptance of a carrier-grade version of Ethernet, the Metro Ethernet Forum (MEF)1 was formed. The MEF is a worldwide alliance
of more than 100 organizations including telecommunications service providers, cable operators, MSOs, network equipment vendors, test vendors, labs and software manufacturers,
semiconductor vendors and testing organizations. This body, together with the IEEE and the
IETF, have developed technical specifications and implementation agreements about Carrier
Ethernet that will be discussed in the State of the Art section of this thesis.
1

https://www.mef.net/about-us/mef-overview
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Fiber and Optical Access

The history of optical fiber as transmission media started in 1840, when Daniel Colladon
and Jacques Babinet demonstrated the possibility of guiding the light by refraction. Further
works were developed in the next decades, but it was was not until 1966 when optical fiber
became a suitable media for transmission. At that time, in 1966, Charles K. Kao and George
Hockham worked for STC (Standard Telephones and Cables) in Harlow, UK (Fig. 1.3),
later acquired by the Canadian company Nortel Networks, now Ciena. They published the
first research paper examining the possibility of using glass fibers to carry information [82],
pointing out to the right material to use for fibers. During 1967, video transmission over 20
metres of fiber was demonstrated at STC Harlow labs. These discoveries made Kao awarded
with the Nobel Prize in Physics in 2009 [159].

Figure 1.3: Charles Kao at STC laboratories (Harlow, UK) in the 60’s
Since Kao’s discoveries in the 60’s, optical fiber has progressively replaced other transmission infrastructure, both in long-haul and access networks, becoming the transmission
technology of choice. In access networks, fiber topologies which are highly successful today are Passive Optical Networks (PON). According to the FTTH Council [33], a Passive
Optical Network or Point-to-Multipoint network (P2MP) is ”a topology that provides optical fiber paths from a communication node to more than one premise such that a portion of
the optical path is shared by traffic to and from multiple premises. In generic terms this is a
tree topology.”
Passive Optical Networks started commercially in the 1980’s [109] [158], although some
prototypes were available some years before. For example, STC labs demonstrated the first
live telephone traffic over fiber in UK in 1977. The first PON commercial deployment
happened in British Telecom (BT) that wanted to provide narrowband telephony services to
business users. This was called Telephony on a PON (TPON), and used 8x16 splitters (128
users) in order to provider telephony service with a 64 Kbps Integrated Services for Digital

6

Chapter 1. Introduction and Objectives

Network (ISDN) channel per user.
Since then, several groups have contributed to the standardization and adoption of PON
and in general, optical access technologies, including the IEEE, ITU-T, FSAN and FTTH
Council Global Alliance. The FSAN working group is formed by several service providers
whose objective is to define architecture and requirements for broadband access deployments. This work is normally taken by the ITU-T in order to develop further standards
based on the FSAN activities. The IEEE has also developed some standards, as detailed
later. Finally, the FTTH Council Global Alliance focus only on Fibre-to-the-Home (FTTH)
and Fibre-to-the-Building (FTTB) solutions, providing mainly recommendations and guidance [34].
In March 2001, the ITU-T finalized a recommendation for an Asynchronous Transfer
Mode (ATM)-based passive optical network (APON) with two wavelengths for data transmission and an extra wavelength for additional services [66]. The first wavelength is at 1,310
nm at 155 Mb/s for upstream transmission, while the second wavelength is at 1,490 nm at
155 Mb/s for downstream transmission. Upstream wavelength is shared amongst users connected to the same PON tree according to a time division multiple access (TDMA) protocol
that is controlled from the central office and can provide fixed or variable grants of time to
each user. Finally, the extra wavelength is specified at 1,550 nm and can be used for services
such as analog and digital TV distribution.
The increase in downstream data rate to 622 Mb/s from the 155 Mb/s resulted in a
modified standard called Broadband Passive Optical Network (BPON), described in ITU
standards G.983.1 through G.983.4 [64, 65, 67]. Years later, modifications were added to
the BPON and APON standards, increasing not only the upstream data rate to 622 Mb/s, but
also the downstream rate to 1.2 Gb/s.
Since the completion of the BPON standard, two other PON standards have appeared:
one led by the IEEE, named Ethernet PON (EPON) [48], and the other, a second ITU specification, called Gigabit PON (GPON) [68]. Both standards specify downstream bandwidth
of at least 1.2 Gb/s and also offer the same upstream bandwidth. The transport framing in the
EPON is essentially native Ethernet, whereas the GPON has a version of the Generic Framing Procedure (GFP) [62] to encapsulate TDM voice and data traffic effectively. EPON was
completed in 2004, and was ratified as part of the Ethernet in the first mile project 802.3ah2004 [48]. EPON uses standard 802.3 Ethernet frames with symmetric 1 Gb/s upstream and
downstream rates. GPON was completed in 2008. Both standards allow an extra wavelength
at 1,550 nm as with APON/BPON, although the adoption of video over IP is expected to use
the wavelength of 1,490 nm together with normal data traffic, as opposed to an independent
video-only channel in the 1,550 nm band.
GPON and EPON are widely deployed in all parts of the world to offer mainly residential broadband services. Today, according to data provided by the FTTH Council in
2015 [see 31, slide 3], the total number of FTTH subscribers in the world is more than 145
million, of which 100 million remains in Asia Pacific, with penetration rates between 45%
and 70%. Europe, including Russia, counts for 28.2 million, with penetration between 10%
and 50% whilst USA represents 12.4 million subscribers and 10% penetration rate. This low
penetration rate has led companies like Google to launch 1 Gb/s connection service in some
cities [37], followed also by recent policy changes in favour of the introduction of FTTH
solutions in the United States [162]. In the Middle East, the market is only starting to de-
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velop, reaching 1.7 million subscribers, however UAE is the country with the largest FTTH
penetration in the world achieving more than 70%.
Demand for high-speed in the access has grown rapidly in the last years and it was required to develop further standards to cover this demand. There are more and more offerings
of 1 Gb/s services, even symmetrical, to residencial users. Although 1 Gb/s offering may
not be strictly required, customers appreciate such bandwidth as a means to enhance user
experience, especially given the ever-increasing number of devices connected at home (laptops, tablets, smartphones, smart TVs, videogaming devices, etc) running applications that
generate upstream traffic. In any case, it is required to enhance current standards or develop
new ones.
Next standard evolution, included as the concept known as Next-Generation PON (NGPON), is again driven by IEEE and ITU-T in parallel, and is focused on higher bandwidth
support up to 10 Gb/s streams. On the one hand, IEEE developed 10 Gbit/s EPON or 10GEPON ratified as IEEE 802.3av [49]. 10G-EPON supports 10G/1G, although there is an option for symmetrical 10G/10G as well. On the other hand, the ITU-T developed 10G-PON
or XG-PON ratified as ITU-T G.987 [70]. Asymmetric 10G-PON was originally specified
as XG-PON1 (renamed as XG-PON): 10 Gbit/s downstream and 2.5 Gbit/s upstream. Symmetric 10G-PON was proposed as XG-PON2 with 10 Gbit/s upstream, but did not achieve
standardization. These 10G standards will be further discussed in chapter 2 (state-of-the-art).
There are other NG-PON technologies that can provide 1 Gb/s symmetrical rates, including WDM-PON, TWDM-PON (NG-PON2), OFDM-PON and many others. Some of
these technologies will be deeply discussed in this thesis, but not all of them, since PON
technologies have been selected trying to provide a trade-off based on real deployments,
maturity and diversity.

1.3

Motivation, objectives and thesis structure

As stated previously, this thesis will focus on Ethernet and optical fiber access networks,
with key objectives of reducing operational costs and optimizing network designs to offer 1
Gb/s symmetrical services (see Fig. 1.4).
The first challenge is related to Ethernet. It can be considered as the Universal Transport Layer in the access and metro space, where can provide the capilarity required towards
the end user, together with an efficient deployment and interoperability. However, Ethernet
enhancements are required in order to turn Ethernet into a carrier-grade technology. Specifically, it is required to add scalability, OAM functionality and enhanced forwarding capability
in order to permit Ethernet to assume a much larger role in carrier networks with substantial
economic and operational benefits. Therefore, innovations to current Ethernet are needed,
especially improvements related to the above mentioned topics of scalability, OAM functionality and forwarding capabilities.
Next challenges are related to operating, planning and optimizing fiber access networks
to offer 1 Gb/s symmetrical services. Specifically, the second challenge is about how to
effectively operate an access network. Current access networks have limited or expensive
systems for their troubleshooting. It will be beneficial to apply some of the Ethernet enhancements previously discussed in order to effectively set management procedures for passive
optical networks (PON). We propose an Integrated Troubleshooting Box (ITB) and show its

8

Chapter 1. Introduction and Objectives

Figure 1.4: Main technologies in this thesis

applicability in a number of realistic troubleshooting scenarios, including failure situations
involving either the feeder fibre or one of its branches.
Next challenge is about reducing cost of fiber access deployments using oversubscription scenarios, since it has been observed that only a few number of subscribers are simultaneously active. This could even be applied for user profiles having different QoS, however
service requirements must be guaranteed for all through a proper capacity planning with
oversubscription.
Another challenge is about the large variety of technologies available in the industry
to offer 1 Gb/s symmetrical services. Multiple PON technologies such as GPON, EPON
or TWDM-PON currently exist, and multiple deployment models are possible. Cost, technology maturity, deployment planning, operational considerations, service requirements and
engineering rules all need to be taken into account in making decisions regarding how to
deploy PONs. Moreover, there are multiple standardization and alliance bodies working on
different standards and architectures related to optical access. Amongst those, Full Service
Access Network (FSAN), Institute of Electrical and Electronics Engineers (IEEE), Internet
Engineering Task Force (IETF), ITU Telecommunication Standardization Sector (ITU-T),
FTTH Council Global Alliance and Metro Ethernet Forum (MEF) can be highlighted. To
solve the above mentioned challenge, most-significant fiber access protocols available in
the industry to support 1 Gb/s symmetrical services must be explored. In this thesis four
Next-Generation PON protocols (NG-PON) are compared from a technical and economical perspective in a real scenario, and analyzes under which conditions 1 Gb/s symmetrical
services can be deployed by selecting the right parameters of quality of service and split
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ratio.
Finally, the fifth challenge is about how to mix residential and business users requiring
different service level agreements. Traditionally, this is executed by using two separated networks, however sharing the same infrastructure would be beneficial. An alternative planning
for an access network to offer 1 Gb/s symmetrical services in a mixed environment of business and residential services must be proposed. In this thesis, a converged cost-optimized
access network is implemented using Integer Linear Programming, which guarantees respective service level specifications in a real scenario.
The thesis structure is as follows: next chapter analyzes the state of the art (chapter 2)
of Carrier Ethernet and NG-PON technologies, together with each contribution of this thesis. In chapter 3, carrier-grade Ethernet architectures are compared based on parameters
like scalability, resiliency, multicast performance or OAM support. Then, chapter 4 proposes a combination of both physical (OTDR) and link-layer (Ethernet) information into
an effective and efficient set of management procedures for fiber access networks. Chapter 5 analyzes, for different services levels for residential and business users, a capacity
planning method for NG-PON networks, which will be applied in the following chapters.
Chapter 6 focuses specifically on fiber access networks delivering symmetrical 1 Gb/s access to residential users. It compares four NG-PON standard access technologies, namely
GPON, XG-PON, WDM-PON and the emerging TWDM-PON, both from a technical and
economic perspective. Next, in chapter 7, we develop an optimization framework, using
Integer Linear Programming (ILP), to analyze the cost-optimal scenario in an access deployment. Finally, chapter 8 concludes this thesis with its main contributions and future
work.
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Chapter 2

State of the Art
This chapter is a summary of the current State of the Art of the two main areas covered
in this thesis, Carrier Ethernet and Next-Generation optical access. The chapter concludes
with the main contributions of this thesis.

2.1

Carrier Ethernet technologies

Ehernet-based networking technology has become ubiquitous in both the enterprise and
home broadband arenas. The combination of simplicity and rigorous specification has permitted a degree of integration and commoditization that other networking technologies have
been unable to achieve.
Some service providers’ infrastructure is based on a legacy circuit-based infrastructure,
using technologies like SDH, frame relay and ATM to provide private lines services and interconnection [15]. This has placed service providers in a difficult position, as they face both
the costs of supporting multiple technologies and a service arbitrage situation, since they sell
the same service on multiple technology platforms. For example, an Ethernet leased line service could be supported using an ATM network, SDH network or even an MPLS network.
Ethernet is the technology of choice in the customer domain and is therefore a desirable
choice in the service-provider domain in order to (1) eliminate potential interworking problems, and (2) take advantage of the benefits of statical multiplexing of packet switching at
Layer 2 rather than encapsulating on to Layer 3 (or Layer 2/3 - MPLS) and forwarding at
Layer 3.
However, Ethernet still has deficiencies with respect to OAM, reliability, traffic management, and scalability [9]. It turns out that many of the fundamental issues with Ethernet are
well understood, and are currently being addressed with the same rigor and drive for simplicity that has been the objective of Ethernet to date. This section dives into the challenges
faced, and how existing Ethernet behaviors can be combined with standards in progress in
order to provide a comprehensive network infrastructure that will address the carrier’s concerns.
11
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2.1.1

Challenges to Ethernet

While end customers are convinced of Ethernet’s cost benefits, they are demanding the
same levels of performance they had from leased lines, Frame Relay and ATM services.
Concerning Ethernet, in order to reach the kind of penetration predicted by analysts, it is
required that Ethernet evolves to display the same properties of current WAN technologies.
The Metro Ethernet Forum (MEF) has defined this evolution as Carrier Ethernet, which
should have the following attributes:
1. Scalability: Providers require that the network scale to support the 100,000s of customers to adequately address metropolitan and regional served areas.
2. Protection: This really implies reliability and resiliency, as service providers typically
boast about five 9’s or 99.999% network availability. One of the benchmark tools for
achieving this has been SONET/SDH’s ability to provide 50 ms link recovery, as well
as protection mechanisms for nodal and end-to-end path failures. For Carrier Ethernet
to be adopted, especially in support of converged, real-time applications, it must match
these performance levels seen by traditional WAN technologies.
3. Hard Quality of Service (QoS): Service providers must be able to offer customers
differentiated levels of service to match application requirements. QoS mechanisms
provide the functionality to prioritize different traffic streams, but Hard QoS ensures
that service level parameters agreed for each level of service are adhered to across
the network. This provides customers with the guaranteed, deterministic performance
they receive from their existing leased line services.
4. Service management: Service providers require mature network and service management systems that allow quick configuration of the network to support new services.
Also, just as it is important to keep the customer’s service running, service providers
must be able to prove they are doing so. Typically this is measured against an SLA
and the service provider must have the performance measurements to back up any
service level claims. And if a fault does occur, the service provider needs to have
the troubleshooting functionality to locate the fault, identify which services have been
impacted and react appropriately.
5. TDM support: While service providers see substantial growth potential in Ethernet
services, existing leased lines are still a significant revenue source for them which
they must be able to retain and seamlessly interwork with as they migrate to a Carrier
Ethernet network.
Equipment vendors are challenged with how to add this carrier-grade functionality to
Ethernet equipment without losing the cost-effectiveness and simplicity that make it attractive in the first place. In the next subsections, we will examine the different technologies
that are designed to achieve this.

2.1.2

IEEE 802.1Q Virtual LAN (VLAN)

The basic technology standard used for delivering a LAN service is the IEEE 802.1Q
standard [56] for Virtual LANs (VLANs). This standard creates VLANs across a common
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LAN infrastructure to enable enterprises to support and separate traffic from different departments within a company (for example finance, legal and general administration). Each
VLAN is identified by a Q-tag (also known as a VLAN tag) that identifies a logical partitioning of the network to serve the different communities of interest.
IEEE 802.1Q works fine within the confines of a single organization, but is found limiting when service providers attempt to deliver Ethernet services to multiple end users over
a shared network infrastructure. Issues arise because enterprises need to retain control over
their own VLAN administration (such as assigning Q-tags to VLANs), and over a shared
infrastructure the service provider must control this to ensure that one customer’s Q-tags do
not overlap with another’s. Also, because the VLAN ID (part of Q-tag) consists of 12-bit, up
to 4,0941 possible service instances can be created. Although this is sufficient for an enterprise’s LANs, it does not offer the scalability required to support Ethernet services in a
large metropolitan area. What is needed is a method for defining secure Ethernet services
to individual customers within which the customer can create further LANs for departments
or groups of users.
There are two standards that support that approach: IEEE 802.1ad Provider Bridges [58]
(also known as Q-in-Q or VLAN stacking) and IEEE 802.1ah Provider Backbone Bridges
[53] (also known as MAC-in- MAC). The standardization of these technologies have been
conducted by the IEEE 802.1 working group, and will be described in the next subsections.

2.1.3

IEEE 802.1ad Provider Bridges (Q-in-Q)

Provider Bridges work by simply adding an additional service provider S-Tag (containing a service provider VLAN ID, or S-VID) to the customer’s Ethernet frame. This new tag
is used to identify the service in the provider network while the customer Tag (containing
a customer VLAN ID, or C-VID) remains intact and is not altered by the service provider
anywhere within the provider’s network as shown in Figure 2.1. This solves the transparency
problem experienced by IEEE 802.1Q.

Figure 2.1: S-Tag added to the customer frame
As discussed, Provider Bridges use the S-VID to identify the service to which a customer’s Ethernet frames are associated and therefore each service instance requires a sep1

4,096 service IDs are available, but two of these are reserved for administration.
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arate S-VID. Because the S-VID consists again of 12-bit, Provider Bridges has the same
scalability limitation of IEEE 802.1Q and only 4,094 services instances can be created. In
addition, Provider Bridges uses the same MAC address for the provider’s and customers’
networks. This makes both networks appear as one large network to the provider’s switches,
as shown in Figure 2.2. In the scenario depicted in Figure 2.2, the provider’s and customers’
MAC addresses are visible to all network elements and this creates a significant burden for
core switches, as they must maintain a forwarding table for every MAC address in the
service provider and customer networks. Also, any changes to the customer network will
have an impact on the provider core. For example, when a new host is added in the customer’s network, the new MAC address must be learned by the provider’s switches. Or,
when a failure occurs in the customer network, the resulting action taken by Spanning Tree
Protocol (STP) can impact the provider network. These changes are out of the influence of
the service provider, yet impact their network and create an unstable environment. From the
customers’ perspective, a potential security concern emerges from the fact that their addressing information is now visible outside of their secure network domain.

Figure 2.2: Provider’s and customer’s MAC addresses visible to all networks
Provider Bridges does not provide a separation between the provider and customer networks and this creates problems where control protocols are concerned. Most Ethernet control protocols, such as Bridge Protocol Data Units (BPDUs) used by customer networks,
must not interact with the provider’s networking equipment. For example, STP used in the
customer network must not interact with STP used in the provider network. BPDUs are
identified by their destination MAC address and do not have a VLAN tag associated with
them. For example, the Spanning Tree Protocol is identified by destination MAC address
01-80-C2-00-00-00. Provider Bridges cannot provide differentiation between customer and
provider BPDUs because each entity’s BPDUs have the same MAC address, and duplicate MAC addresses cannot be supported. This will cause unpredictable network behavior because the provider’s networking equipment cannot distinguish between customer and
provider BPDUs. The IEEE standard solves this limitation by introducing a different set
of destination MAC addresses for BPDUs in the provider’s network. However, to support
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these new provider BPDU MAC addresses, the provider must replace the existing Ethernet
switches, because BPDU MAC addresses are not configurable. For this reason, Provider
Bridges technology has significant limitations for LAN services that must support multiple
customer control protocols.

2.1.4

IEEE 802.1ah Provider Backbone Bridges (PBB)

Provider Backbone Bridges (IEEE 802.1ah) evolves the Ethernet frame by adding a
MAC header dedicated to the service provider and, in doing so, adds a Backbone source
and destination MAC address, a Backbone VLAN Tag (B-Tag) and a Backbone Service
Instance Tag (I-Tag) to the customer’s Ethernet frame. Figure 2.3 illustrates the Provider
Backbone Bridges frame and shows how this compares to the standard Ethernet frame (IEEE
802.1), Virtual LANs (IEEE 802.1Q) and Provider Bridges (IEEE 802.1ad).
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Figure 2.3: PBB 802.1ah Ethernet frame
The main benefit of Provider Backbone Bridges is the new 24-bit field called Backbone
Service Instance Identifier (I-SID) which is inside the I-Tag and identifies the service in
the provider’s network. This means Provider Backbone Bridges provides up to 16 million
services, completely removing the scalability problems of Provider Bridges.
In addition, Provider Backbone Bridges provides a clear separation between the service
provider and customer networks, because each has a dedicated set of MAC addresses as
shown in Figure 2.4. When an Ethernet frame reaches the Ethernet UNI User Network Interface), the service provider MAC address is added to the customer’s Ethernet frame, and
within the service provider network switches check this MAC address against their forwarding tables. This is an added advantage in that only switches at the edge of the provider
network need to be Provider Backbone Bridges enabled. Switches in the core of the network
switch on a standard MAC header (in this case, the service provider header) and so any IEEE
802.1 Ethernet switch will suffice.
This solution allows customers’ MAC addresses to overlap with the provider’s MAC addresses, because the customers’ Service Frames are tunneled by Provider Backbone Bridges
and are not used when switching frames inside the provider’s network. As a result, customers
are free to assign identifier and class of service values to their VLANs without concern that
they will be altered by the service provider. Meanwhile, the service provider does not need
to worry about coordinating VLAN administration with its customers.
Also, because the service provider’s core switches only use the provider MAC header,
there is no need for them to maintain visibility of customers’ MAC addresses, reducing
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Figure 2.4: MAC addresses separated at the UNI

Figure 2.5: Single B-VLAN for multiple services
the burden on the forwarding tables in the provider’s network. This also ensures that changes
to the customers’ networks do not impact the provider network, improving the stability of
the service provider’s network. Finally, customer security is improved, because the service
provider switches are no longer inspecting the customer MAC header.
Another benefit of Provider Backbone Bridges is that because the I-SID is used for service identification, the Backbone VLAN ID (B-VID), inside the B-Tag, can be used to segregate the service provider’s network into regions or zones to simplify traffic engineering.
Backbone VLANs enable the support of multiple customer services instances; for example,
a B-VID can be engineered to support multiple 10 Mbps Ethernet point-to-point services
between POPs, as in Fig. 2.5 .
This means the service provider engineers the network once when the B-VID is set up.
Individual services can then be activated at the source and destination nodes and supported
over the B-VID up to its engineered limits. With Provider Bridges, each individual service
needs to be configured across the network node-by-node, creating a substantial operational
burden. Since Provider Backbone Bridges tunnels customers’ Service Frames, all customer
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Ethernet Control Protocols (BPDUs) are tunneled transparently across the provider’s network. This allows Ethernet Control Protocols to be used independently by the customers’
networks and the provider’s network. As discussed, Spanning Tree Protocol (STP) in the
customers’ networks must not interact with STP used in the provider’s network. STP is
identified by its destination MAC address 01-80-C2-00-00-00 and with Provider Backbone
Bridges, the customers’ STP BPDUs are tunneled through the provider’s network. Therefore, both the provider and customers can simultaneously use the standard STP destination
MAC address with no additional provisioning required on the provider’s switches. This allows the provider to use the standard BPDU MAC addresses on the existing switches in the
network.

2.1.5

Adding Traffic Engineering to Ethernet

It is now possible to support connection-oriented forwarding using native Ethernet with a
new technology called Provider Backbone Bridges - Traffic Engineering (PBB-TE). PBB-TE
is an innovative Ethernet technology, currently being standardized as part of IEEE 802.1Qay,
which proposes only minor additions to the existing Ethernet standards. In its simplest form,
PBB-TE provides Ethernet tunnels that enable deterministic service delivery with the traffic
engineering, QoS, resiliency and OAM requirements service providers demand.
PBB-TE takes advantage of the fact that by simply turning off some Ethernet functionality, the existing Ethernet hardware is capable of a new forwarding behavior. This means
that a connection-oriented forwarding mode can be introduced to current Ethernet networks without complex and expensive network technologies.
Currently, Ethernet switches forward on the basis of a full 60-bit lookup of both the
VLAN tag (12 bits) and the destination MAC address (48 bits) in each Ethernet frame. In
conventional operation both the VLAN ID (VID) and MAC address are globally unique, but
this does not have to be the case. Where a VID typically identifies a loop free multicast
domain in which MAC addresses can be flooded, if we choose to configure loop free MAC
paths instead, and disable flooding and learning, the VID is freed up to denote something
else. PBB-TE employs this concept by allocating a range of VIDs to identify specific paths
through the network to a given destination MAC address. Each VID is then locally significant to the destination MAC address only, and since the MAC address is still globally
significant, the combination of VID + MAC (60 bits) becomes globally unique.
PBB-TE allocates a range of VID/MAC addresses whose forwarding tables are populated via the management or control plane instead of through the traditional flooding and
learning techniques. Suddenly Spanning Tree and all its associated constraints and problems disappear. The switch still behaves largely as with traditional Ethernet: forwarding
data to its intended destination. All that has changed is that forwarding information is no
longer earned by the switches, but is provided directly by the management plane, resulting
in a prescribed, pre-determined path through the network and totally predictable network
behavior under all circumstances.
In the example shown in Figure 2.6, two uni-directional paths, working and protection,
have been configured between Provider Edge (PE) 1 and 2 (a pair of links in opposite directions is required for bi-directional connectivity). Each PE is IEEE 802.1ah enabled, allowing
the service provider to clearly separate the service provider and customer MAC domains,
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thus allowing the service provider to apply PBB-TE within the core of the network. Within
the service provider domain, a number of VIDs have been reserved for PBB-TE, these include VID 44 and 45 in our example. As explained, within the group of VIDs reserved
for PBB-TE behavior, the VID is no longer globally unique, but locally significant to each
MAC. Instead, VID 44 and 45 are used to separately identify the two paths between PE 1
and 2. Both of these VIDs can be reused to create paths between a different pair of PEs
because it is the combination of MAC and VID that uniquely identifies each of these paths.

Figure 2.6: PBB-TE configuration

PBB-TE preserves the destination-based forwarding attributes of Ethernet, which means
multiple sources can use a VID+MAC destination. If 16 VIDs were reserved for PBB-TE
in this network, the network could be fully meshed 16 times. This would provide massive scalability for the PBB-TE links and still leave 4,078 VIDs for normal connectionless
Ethernet behavior, operating on the same network. It should be noted that each frame still
carries a source MAC address that uniquely identifies its origin; so PBB-TE offers the scaling of destination-based forwarding in the core (order N) while preserving the operational
attributes of point-to-point at the edges.
In the example given in Figure 2.6, a pair of bi-directional Ethernet links has been configured across the network to create working and protection paths (they would typically be
diverse routed, here they are forced to cross in the core to show how different VIDs may
be used to identify different routes). PBB-TE derives connection monitoring from IEEE
802.1ag (Connectivity Fault Management) messages. A Connectivity Check (CC) session is
established on both paths. Both ends of the link send CC frames at regular (configurable)
10 ms intervals and listen to the messages that arrive. If three CC messages do not arrive,
the link is deemed to be down and a protection switch is initiated. Alternatively, Alarm
Indication Signal (AIS) messages standard could be used to trigger a protection switch.
The protection switch [63] is implemented by applying the new VLAN tag (that of the
protection path) to each frame at the encapsulation point. The control plane is used to configure and monitor the paths, but isn’t involved in the actual switching, so sub-50 ms protection
switching (similar to SONET/SDH) can be achieved.
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distribution trees for multicast/broadcast traffic. TRILL is not further discussed in the chapter since it basically addresses the same issues as SPB.

2.1.7

Adding OAM to Ethernet

OAM functionality in traditional TDM networks is well-defined and is an important
building block in ensuring operators can deliver carrier-grade performance. However, OAM
represents a significant challenge for next-generation technologies, such as Carrier Ethernet.
One of the attributes defined for Carrier Ethernet (see section 2.1.1) is Service Management,
which must include also a comprehensive OAM suitable for deployment in metropolitan and
wide area networks for Ethernet services.
From an operator’s perspective, the attraction is that they can take advantage of Ethernet’s low cost points to build more cost-effective networks. Traditional Ethernet does
not have the kind of OAM functionality required by the majority of network operators,
since LANs do not need remote monitoring when the equipment is located in the building.
If Carrier Ethernet is to fulfill its promise as the next-generation packet-based infrastructure for metropolitan and wide area networks, OAM capabilities must be added to Ethernet [77] [78] [79]. Standards that provide Ethernet with OAM capabilities is described in
the next sections.
Fault management
There are two main areas of OAM: fault management and performance monitoring. Fault
management ensures that when a defect occurs in the network, this has to be reported to
the operator, who can then take the appropriate action. This is divided into the following
functions:
1. Fault detection: IEEE 802.1ag [52] and ITU-T [79] support fault detection through
Continuity Check Messages (CCM). These allow endpoints to detect an interruption
in service. CCMs are sent from the source to destination node at periodic intervals; if
either end does not receive a CCM within a specified duration, then a fault is detected
against the service.
2. Fault verification: IEEE 802.1ag and ITU-T Y.1731 support fault verification through
Loopback Messages (LBM) and Loopback Reply (LBR). These can be used during
initial set-up or after a fault has been detected to verify that the fault has occurred
between two end points.
3. Fault isolation: IEEE 802.1ag and ITU-T Y.1731 support fault isolation through Linktrace Messages (LTM) and Linktrace Reply (LTR). In the example (see Figure 2.8),
node A initiates an LTM, each intermediate node along the path (B and E) sends an
LTR back and forwards the LTM towards node F. This serves two purposes. Under
normal conditions, it allows the operator to determine the path used by the service
through the network. Under fault conditions, it allows the operator to isolate the fault
location without making a site visit.
4. Fault notification: ITU-T Y.1731 supports fault notification through Alarm Indication
Signal (AIS). In the example (see Figure 2.9), a failure between nodes B and E triggers
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Figure 2.8: Fault isolation
AIS packets in both directions towards the service end points. This functionality alerts
the operator to a fault in the network, before it is reported by customers. At nodes A
and F, the service end points, the alarm can be replicated across all services supported
at that UNI (User Network Interface) that are impacted by the fault. The AIS packets
are issued periodically by nodes B and E, to ensure that while the fault still exists,
a failure state is maintained. Additionally, the AIS packets can be used to trigger a
redundancy sub-system.

Figure 2.9: Fault notification

Performance monitoring
In many respects the fault management concepts above have been adopted from existing
practices in traditional TDM networks. However, while connection-orientated TDM services offer customers a predictable and guaranteed service, packet or frame-based services
are connectionless and can have varying performance levels. This is because each individual
frame in a service can suffer varying delays due to possible queuing, while network congestion can result in actual loss of frames. The emergence of Carrier Ethernet networks is
due in part to the bandwidth explosion resulting from residential triple play services (VoIP,
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IPTV and Internet access). The real time nature of these video and voice services is particularly susceptible to the effects of latency and jitter. As a result, Carrier Ethernet networks
require advanced performance monitoring to enforce customer SLAs and this functionality
is introduced by ITU-T Y.1731. The following features are supported.
1. Frame Loss Ratio: ITU-T Y.1731 calculates frame loss by sending transmit and receive counters within the CCM for dual-ended measurements. The far end counters
can then be compared with those produced locally to derive frame loss as a percentage.
2. Frame Delay: Similarly, ITU-T Y.1731 calculates frame delay (or latency) by using
a timestamp in the DM (Delay Measurement). The receiving end can derive the time
delay experienced across the network. This requires each service end point to have
synchronized clocks. Alternatively, DMM/DMR (Delay Measurement Message and
Reply) can be used to calculate the two-way frame delay; this method does not require
clock synchronization.
3. Frame Delay Variation: Finally, ITU-T Y.1731 calculates frame delay variation (or
jitter) by tracking frame delay measurements.
The emergence of carrier-grade Ethernet has driven the need for improved Ethernet
OAM functionality. Ethernet OAM allows the exchange of management information from
the network elements to the management layer. Without this capability, it is impossible to
provide the comprehensive network management tools that operators have today in their
TDM networks.

2.2

Next-Generation PON technologies

While fiber seems to be the right technology to support emerging services in the access
network, there are a large variety of fiber access protocols and topologies available in the
industry. First thing is to understand the difference between an access protocol and its corresponding physical topology. Following the FTTH Council [33], an access protocol is ”a
method of communication used by the equipment located at the ends of the optical paths
to ensure reliable and effective transmission and reception of information over the optical
paths”. The access protocol should be distinguised from the physical topology that connects
the operators premises and subscriber premises. The physical fiber topology that connects
the operator premises and the subscribers premises, also called Optical Distribution Network (ODN), can be: point-to-point, point-to-multipoint (often referred to as PON) or ring.
As per table 2.1, access protocols more commonly in use today for FTTH networks can
be classified as Ethernet Point-to-Point (EP2P), those based on Time Division Multiplexing (TDM-PON) like GPON, EPON, XG-PON or 10G-EPON; those based on Wavelength
Division Multiplexing (WDM-PON); those known as hybrid, time and wavelength, called
TWDM-PON; those based on Orthogonal Frequency Division Multiplexing (OFDM), and
finally those based on Optical Code-Division Multiplexing (OCDM).
Table 2.1 shows the correspondence between access protocols and physical topology. Although some technologies like WDM-PON could be configured with a ring physical topology, practically the only protocol that allows multiple physical infrastructures is Point-topoint.
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TDM-PON
WDM-PON
TWDM-PON
OCDM-PON
OFDM-PON
EP2P

Point-to-multipoint
X
X
X
X
X
X
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Point-to-point

Ring

X

X

Table 2.1: Access protocols and physical infrastructure

2.2.1

Ethernet Point-to-point (EP2P)

EP2P is defined as Ethernet over point-to-point in IEEE 802.3ah [48], and provides Ethernet over a dedicated optical path from the Central Office (CO) to the end user. Therefore, it
is an uninterrumpted fiber connection over which Ethernet is transported as defined in IEEE
802.3ah.
The approach of EP2P is similar to DSL technologies (copper-based) in the sense that
provides a direct and dedicated connection to each user, however it differs from copper
because optical fibers are future-proof and protocol agnostic. Point-to-point architectures
employ a dedicated fiber per customer from the customer point of attachment back to the
central office. Point-to-point architectures enable service providers to support individual
customers with any service at any rate up to the maximum capacity supported by the current
technology. There are very few issues associated with the upgrade of service or any complex
engineering considerations around sharing of limited backhaul bandwidth amongst multiple
customers.
Ethernet point-to-point can today support rates of 1 Gb/s symmetrical and above, however main drawback is the cost and manageability of a fiber per customer. Even with new
high-density solutions for optical distribution frames, there is an obvious concern about handling large numbers of fibers inside the central office.

2.2.2

Time Division Multiplexed PON (TDM-PON)

This technology uses a shared point-to-multipoint approach with one or two wavelengths
in the downstream direction (from Central Office to users) and one wavelength in the upstream (from users to Central Office). TDM-PON uses a 1 : N passive splitter/combiner
to divide the optical signal to all users in the downstream direction and aggregate the users’
data in the upstream direction. The OLT uses a Dynamic Bandwidth Allocation (DBA)
algorithm [14] to arbitrate access to the shared channel in the upstream direction, avoid collisions, assign bandwidth to the users and provide Quality of Service (QoS) to different types
of flows [155].
Fig. 2.10 shows the two major trends driven by the standardization bodies related to
TDM-PON, one by the IEEE [49], and the other one by the ITU-T [70] [71] [72] [73]. The
key difference between them is that IEEE standards (EPON and its 10G version 10G-EPON)
use a native Ethernet frame, whereas the ITU-T (GPON and its 10G version XG-PON) has
a version of the Generic Framing Procedure (GFP) [62] to encapsulate TDM voice and data
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several customers. This stacking wavelengths appear in the figure as DS and US. On top of
this, NG-PON2 defines an expanded spectrum option of point-to-point WDM wavelengths
that can be used in the absence of any one of these coexistence systems [44].
NG-PON2 solution is called hybrid since it combines the flexibility of TDM-PONs with
the increased capacity of WDM technology. Both TWDM-PON and WDM-PON are technologies that can provide logical unbundling of the fiber, which may be interesting in an open
access or multi-tenancy scenario. The advantages of TWDM-PON over a pure WDM-PON
are its high fanout and graceful evolution capabilities [123], as explained before, since it is
compatible with older TDM-PON versions, like GPON or XG-PON, allowing coexistence
within the same ODN [5] [39] [45].

2.2.5

Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is a technology that has already been applied in optical networks, specially longhaul networks. The key idea is to divide total bandwidth into many narrow-band orthogonal
subcarriers that transmit independent data streams simultaneously. It should be highlighted
that these subcarriers are lower rate, and is required to carefully control the orthogonality of
the carriers. Through advanced digital signal processing (DSP), practical implementation is
simple and efficient through Fast Fourier Transform (FFT).
The main advantage of OFDM over single-carrier schemes is that it can compensate different media conditions [96], like for example, interference on different channels, different
attenuation of frequencies, or fading in some channels due to multipath, without complex
equalization filters. Channel equalization is simplified because OFDM may be viewed as
using many slowly modulated narrowband signals rather than one rapidly modulated wideband signal.

Figure 2.14: Typical OFDM spectrum
OFDM in the downstream could be combined with Orthogonal Frequency Division Multiple Access (OFDMA) in the upstream, or alternatively, other multiple access technologies

28

Chapter 2. State of the Art

using time, frequency or coding separation of the users. In OFDMA, frequency-division
multiple access is achieved by assigning different OFDM sub-channels to different users.
The principle of OFDM operation is described in [11] and a spectrum of an OFDM signal
with overlapping subcarriers can be seen in Fig. 2.14.
The ACCORDANCE project [80] [81] proposes OFDMA-PON as an alternative candidate for NG-PON networks. NEC laboratories have developed prototypes [23] [127] based
on OFDM, however, in spite of the technical interest of this technology, it has not achieved
market acceptance and will not be analyzed in this thesis.

2.2.6

Optical Code-Division Multiplexing (OCDM)

On top of TDM, WDM and FDM approaches discussed previously, OCDM provides
another way of multiplexing data for PON networks. Code division multiple access (CDMA)
is the use of CDM technology to arbitrate channel access among multiple network nodes in
a distributed fashion, and it is used on other networking areas on top of PON [148].
In an OCDM system, each user is distinguished by a specific optical code. An encoding
operation optically transforms each data bit before transmission while the reverse decoding
operation is required to recover the original data at the receiver. Most modulation schemes
try to minimize the bandwidth of this signal since bandwidth is a limited resource. However,
spread spectrum techniques use a transmission bandwidth that is several orders of magnitude
greater than the minimum required signal bandwidth. Therefore, CDMA can also effectively
reject narrow band interference. Main OCDMA techniques can be classified as follows:
• Direct Sequence (DS) OCDMA
• Frequency Encoded (FE) OCDMA
• Wavelength-Hopping Time-Spreading (WH-TS) OCDMA
Within each group, there are coherent and non-coherent versions. The non-coherent
version is where the power of the optical signal is modulated using a code, corresponding
therefore to a unipolar coding, while the coherent version modulates the optical phase, corresponding to a bipolar coding. DS OCDMA and FE OCDMA follow the same approach
as the electrical CDMA in the time and frequency domain, respectively, while the WH-TS
OCDMA (also known as Fast Frequency Hopping or FFH-OCDMA), is based on the FHCDMA technique, based on bi-dimentional (2-D) codes and using simultaneously the time
and frequency domains.
Of the three techniques, the two most promising for PON networks in terms of performance and cost are FE OCDMA and WH-TS OCDMA. Concerning FE OCDMA, devices
associated to coding, modulation and signal generation includes techniques like Fiber Bragg
networks and others [6] [117] [118]. Regarding coherent FE OCDMA transmitters, it is
common to use ultrashort pulse sources, while non-coherent transmitters typically use wideband sources like LED, ASE or SLED [135].
WH-TS OCDMA implementations are typically non-coherent-based [107], and integrates the time spreading patterns with a wavelength hopping pattern, thus providing higher
flexibility in the election of codes.
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OCDM has shown good performance [47]. Unfortunately, similarly to OFDM, OCDM
has not achieved acceptance in the PON industry, and therefore will not be the main focus
of this thesis.
Table 2.2 provides a summary of the main access technologies analyzed in this thesis,
namely TDM-PON, TWDM-PON and WDM-PON. Non-standard technologies have been
excluded from the analysis.

Standard
Availability
CDL /CU L
Security
Outside Plant
Price
Power budget (dB)

TDM-PON
(XG-PON)
ITU-T G.987
In market
10G/2.5G
No
Splitter
Medium
35 (E2)

TWDM-PON

WDM-PON

ITU-T G.989
In trial
40G/10G
No
Splitter
Medium
38.5

ITU-T G.698.3
In market
32G/32G
Yes
AWG
Higher
15

Table 2.2: Summary of features for fiber access technologies in this thesis

2.3

Contributions of this thesis and progress beyond the State of
the Art

In this chapter we have reviewed the State of the Art, in order to have a view of the
general progress of the main areas covered in this thesis, namely Ethernet and optical access.
The following shows the main contributions on top of the state of the art, which will be
developed in the next chapters:
• Contribution C1 in chapter 3 analyzes Ethernet from a carrier-grade perspective and
reviews three different ways of carrying Ethernet services across a metro network,
comparing them in terms of scalability, resiliency, multicast performance, OAM features and overhead. This contribution has been published in the IEEE Communications Magazine.
• Contribution C2 in chapter 4 covers how recently standardized Ethernet OAM capabilities, together with Optical Time-Domain Reflectometry (OTDR) can provide new
link-layer and physical tools for the effective troubleshooting of PON networks. This
contribution proposes an Integrated Troubleshooting Box (ITB) which combines both
physical and link-layer information to provide effective troubleshooting in WDMPON networks. Results were published in the IEEE Communications Magazine.
• Contribution C3 in chapter 5 evaluates oversubscription scenarios for TDM-PON, focusing on 1 Gb/s downstream services. The objective is to analyze which TDM-PON
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flavours and their splits are suitable to provide such a bandwidth for a set of different
user profiles, namely residential and business users. Results have been submitted to
thee IEEE Communications Letters.
• Contribution C4 in chapter 6 compares four NG-PON standard access technologies,
namely GPON, XG-PON, WDM-PON and the emerging TWDM-PON, both from
a technical and economic perspective. The objective is to analyze the delivery of
symmetrical 1 Gb/s access to residential users with a target temporal guarantee at the
least cost. Results were published in the IEEE Communications Magazine.
• Contribution C5 in chapter 7 continues with optical access block and uses an Integer
Linear Programming framework to develop a cost-optimized NG-PON deployment
for 1 Gb/s symmetrical services. Specifically, it calculates the optimal cost of different flavors of fiber access protocols capable of offering 1 Gb/s symmetrical services,
for a real deployment in Rio de Janeiro, Brazil. The deployment includes a mix of residential and business subscribers, each of them with different service level agreements.
Results have been submitted to the IEEE/OSA Journal of Optical Communications
and Networking.

Chapter 3

A Comparative Analysis of
Carrier-Grade Ethernet
Architectures for Metro Networks
The extension of Ethernet to metro networks is motivated by the need to lower the cost
of the increasing demand of higher-bandwidth services, like residential services, wireless
backhaul or business services. Ethernet has a lower cost-per-bit compared to other carrier
technologies, like IP/MPLS. Standardization efforts in the IEEE and MEF are addressing
scalability, resiliency, OAM and other carrier grade functionalities of Ethernet to make them
similar as IP/MPLS, becoming Ethernet as an enabler for both Layer 2 and Layer 3 services
(doubling as a service, as well as a transport) [29].
There are two main standard approaches towards the implementation of Metro Ethernet. First, carrier-grade Ethernet extends conventional Ethernet LAN bridging with carrier
capabilities [2]. Alternatively, MPLS with special enhancements is also very suitable to
transport Ethernet frames in the metro scenario. In both cases, Ethernet VLAN bridging is
the common technology on top.
The first approach, based on traditional Ethernet bridging technology, cannot be applied
as such since the metro environment requires strict traffic engineering and separation, resiliency and fast restoration, scalability and OAM capabilities [145]. Carrier-grade Ethernet
comprises a number of standards that provide solutions to the challenge of adding such desirable properties of MAN scenarios to traditional Ethernet. These mainly include Provider
Backbone Bridges (IEEE 802.1ah), Ethernet OAM (IEEE 802.1ag-2007 and ITU-T Y.1731),
PBB-TE (IEEE 802.1Qay-2009) and Shortest Path Bridging (IEEE 802.1aq), which have
been revised in chapter 2.
The second approach, based on MPLS, emulates an Ethernet VLAN bridge with a Virtual
Private LAN Service (VPLS) (described in RFC 4761 [86] and RFC 4762 [94]), leveraging
from the inherent advantages of MPLS, namely traffic engineering, VPN support and resiliency. In addition, MPLS has been the technology of choice for service providers in their
core networks, who have heavily invested in this technology in the past years.
Apart from those two standard technologies, a new approach based on centralizing the
control plane has emerged and could be a candidate for metro Ethernet networks. This is
Software-defined networking (SDN) [112], which is a network architecture where a number
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of control plane functions, that at least include packet forwarding path setup, are delegated
and run by central programmable servers. This means that the routing or the spanning tree
protocols are not used to direct user data through the network anymore. Although SDN
has met its main niche of application in data center networks and cloud infrastructure, we
believe that the application for metro networks in service providers can also be studied as
a viable alternative, given the intrinsic management complexity of carrier-grade Ethernet
and VPLS. This chapter will focus on OpenFlow-based SDN to avoid confusion with other
SDN technologies [88]. OpenFlow [111] is a protocol between switches and a centralized
controller that allows to provision forwarding tables and develop easily new networking
features. It is actually the enabler of the SDN architecture. The OpenFlow specification,
today in version 1.5.0, is under control of the Open Networking Foundation (ONF)1 , a nonprofit organization whose members are both service providers and vendors, more than 80 at
the time of writing this thesis.
This chapter analyzes four network scenarios using those technologies and focuses on
metropolitan area networks only (intra-metro services). Core network implementation or
how to connect multiple metro networks together (inter-metro services) are not analyzed
and considered as future study instead. The four scenarios are: 1) Hierarchical VPLS
(H-VPLS), (2) Provider Backbone Bridges (PBB) with Shortest Path Bridging (SPB),
(3) a hybrid combination of both, namely H-VPLS with PBB; and (4) OpenFlow-based
SDN. The four flavours are overviewed and explained with a reference MAN architecture,
and finally compared using six key metrics: Scalability, Resiliency, Multicast performance,
OAM features, Overhead and Industry traction. We conclude that there is no undisputable
winner between the four solutions; nevertheless, we highlight the pros and cons of each
flavour on attempts to help the network designer to choose the most appropriate technology
for its particular business case in a hypothetical greenfield deployment.
The remainder of this chapter is structured as follows: section 3.1 describes services
provided in a metro network as defined by the MEF; sections 3.2, 3.3 and 3.4 introduce
the two standard technologies (Ethernet and MPLS) and the new SDN-based approach, respectively; section 3.5 describes the four network flavours, which are finally compared in
section 3.6.

3.1

Ethernet services

The Metro Ethernet Forum has defined Ethernet services using the concept of Ethernet
Virtual Connections (EVC) established across an Ethernet Network. Customer equipment
(CE) attaches to the network at the User-Network Interface (UNI) using standard 10 Mb/s,
100 Mb/s, 1 Gb/s or 10 Gb/s Ethernet interfaces. There are three types of EVCs specified by
the MEF [103] [106]2 :
1. Point-to-Point, referred to as E-Line services.
2. Point-to-Multipoint (or rooted multipoint), referred to as E-Tree services.
1

https://www.opennetworking.org/about/onf-overview
As part of the new Carrier Ethernet 2.0 definition, the MEF expands from 3 services in Carrier Ethernet 1.0
to 8 services, 2 of each respectively in E-Line, E-LAN, E-Tree, and 2 new E-Access (MEF 22.1 [104] and MEF
33 [105])
2
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Within an OpenFlow-based SDN network [102] [111], the control is centralized on a
carrier-class controller, while the data plane is based on OpenFlow-aware switches. The
concept of configuring externally the data plane on packet switches is not new. Other technologies, like PBB-TE [57], use the same approach for Ethernet switches, as well as the
Generic Switch Management Protocol (GSMP) [27] for ATM switches.
It must be noted that not all SDN advantages in data centers are reusable in metro networks, for example, in metro networks there is no explicit need for Layer 2 mobility amongst
computing resources, or strict requirements in terms of latency and bandwidth that may be
required for data center connectivity (it should be noted however that certain metro backhauling applications, like LTE backhaul, could have some strict latency requirements in the
metro).
The advantages of an OpenFlow-based SDN metro network to service providers are the
following:
• Enhanced business case to deploy virtual networking services. OpenFlow allows
virtualization and thereby supports service separation, which could be applicable not
only residential and business services, but also wireless backhaul services within a
separate slice of the virtualized network.
• Remove dependency from incumbent equipment vendors.
• CAPEX reduction [24] by using simpler devices at access and pre-aggregation layers. Many service providers use Ethernet-based aggregation to provision residential
and business services. Implementing a split architecture between control and forwarding in these areas creates the opportunity for network operators to use commodity
hardware under the control of centralized software to perform the intricate functions
of specialized aggregation domain network elements at a much lower hardware cost.
• Reusable operational model as TDM [25] with a centralized controller.
• Improved scalability by reducing energy consumption [125] [157].
As stated before, OpenFlow is just one of the protocols that enables the SDN architecture (there are other options like NETCONF [28], OVSDB [121] or OF-Config [110]).
OpenFlow is a protocol between the controller and the switches that provides control of
forwarding hardware by providing a standardized abstraction of it called a Flowtable. An
OpenFlow-aware switch is a network element implementing an instance of the Flowtable,
and has a secure channel to the OpenFlow controller, which manages the OpenFlow switches
using this OpenFlow protocol. The OpenFlow protocol supports messages to add, delete and
modify flow entries in the Flowtable. A flow entry consists of (1) a packet header which
defines the flow, (2) an action which defines how the packet should be processed, and (3)
statistics which keep track of the number of packets per flow, the number of bytes per flow,
and the time since the last packet match per flow.
Incoming packets processed by the OpenFlow switches are compared against the flow
entries in the Flowtable. If a matching flow entry is found, the predefined actions for that
entry are performed on the matched packet. If no match is found, the packet is forwarded to
the controller over the secure channel (PACKET IN message). The controller is responsible
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for deciding how the packet should be handled; either by returning this specific packet to
the switch and stating which port it should be forwarded to (PACKET OUT message) or by
adding valid flow entries in the OpenFlow switches (FLOW MOD message).
Given the capability to control the forwarding on a per-flow basis all over the network,
SDN allows to implement any of the encapsulation approaches described in the previous
sections to provide scalability and customer traffic isolation in metro Ethernet. A particular
case is PBB-TE, adding the capability to delegate MAC learning in the controller. A flat
implementation scheme, with no encapsulation, is not possible in SDN either mainly because
this would require to encode the virtual input port in the networks and take it into account in
the forwarding process, which is not possible in current switches and would not scale either.
Therefore a hierarchical approach is necessary in SDN too and hence SDN does not add
any advantage in terms of data plane overhead. On the other hand the control network is an
additional source of failures that needs careful study when considering the adoption of SDN
for the metro network.

3.5

Four flavours for carrying Metro Ethernet services

This section makes a comparison of the most common ways of application of the technologies described in the previous section to metro networks, based on the following six
metrics: scalability, resiliency, OAM, multicast efficiency, simplicity and industry traction.

3.5.1

H-VPLS-based solution

Hierarchical VPLS (H-VPLS) provides a means to create multiple tiers in the network
in order to reduce the size of the full-mesh of VPLS. The architecture of H-VPLS comprises
two types of nodes: (1) the Provider Edge (PE-rs) nodes, which are routing and switching
capable devices, and where the VPLS originates and terminates with the necessary tunnels;
and (2) Multi-Tenant Unit switch (MTU-s), which is a device that supports Layer 2 switching
functionality and performs all the conventional bridging functions of learning and replication
on all its ports (see Fig. 3.4).
H-VPLS was introduced when scaling the LDP sessions and replications in the network becomes an issue. Instead of relying on large, flat network architecture, hierarchical
constructs that create multiple tiers in the network are proposed, in order to preserve the
total number of connection low. Full mesh VPLS connectivity is limited to only the core
network among PE-rs nodes. The MTU-s need to learn of only their local PE-rs devices. A
spoke pseudowire (PW) is used as an Attachment Circuit (AC) from an MTU-s to a VPLS
instance at an PE-rs. This mechanism may subsequently be used to partition a core MPLS
network into VPLS islands interconnected by PWs to reduce the requirements on PW meshness among PE-rs or to optimize multicast by reducing replication at an PE-rs to a smaller
set of PE-rs.
In H-VPLS, the full-mesh of PWs is now reduced to the PE-rs devices only, which
operates as a conventional VPLS network. For each VPLS service, a PW (called the “spoke”
PW) is set up between the MTU-s and the PE-rs (RFC 4448 [99]). Essentially, the MTU-s
identifies the E-Line/E-LAN service at ingress by the S-VLAN (or by a port) and maps it
into a spoke PW. Unlike traditional PWs that terminate on a physical (or a VLAN-tagged
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B-VLAN is not used to identify services but to transport point-to-point (E-Line), point-tomultipoint (E-Tree) or multipoint-to-multipoint (E-LAN) services, identified by the previous
I-SID. Customer MAC addresses are encapsulated at the BEBs, thus no C-MAC learning is
required at the BCB nodes, only at the BEBs. Forwarding at the BCBs is therefore based
on B-MAC addresses and B-VID.
Key aspects of this solution are the following:
• Scalability: a clear benefit with respect to H-VPLS is that no C-MAC learning inside
the core is required.
• Multicast efficiency: the shortest-path tree constructed by SPB provides optimised
distribution of multicast and broadcast frames inside the PBBN. The BEBs deliver one
copy of the multicast/broadcast frame to the other BEBs that support the customers
E-LAN service (i.e. that have the same I-SID). Hence, no frame replication at ingress
occurs.
• Resiliency: network convergence upon failures highly depends on the network size.
• OAM: the Ethernet OAM is based and supported on, firstly the IEEE 802.1ag, including continuity check, loopback and link trace messages, and secondly the ITU-T
Y.1731 recommendation for packet loss, delay and jitter measurements, amongst others. It should be noted that the Ethernet OAM also supports multipoint as opposed to
the point-to-point nature of the MPLS-TP OAM.
• Overhead: this solution requires an extra PBB header of 22 bytes.

3.5.3

The hybrid solution: combining H-VPLS and PBB

This hybrid solution aims at overcoming the main limitations of the previous two technologies: Firstly, H-VPLS requires the PE-rs nodes to learn every customer MAC address,
resulting in very large forwarding tables; secondly, PBB lacks of efficient resiliency mechanisms. The hybrid solution thus combines the advantages of H-VPLS with PBB to resolve
those limitations.
In this light, the hybrid solution starts from a H-VPLS scenario with added PBB functionality at the MTU-s and PE-rs nodes [142] [143] (Fig 3.6). Essentially, the MTU-s nodes
encapsulate customer frames with a new PBB header (acting as a BEB node) and forwards
them to the spoke towards the PE-rs node. Next, the PE-rs node performs the mapping to
PWs based on the B-MAC and I-SID fields rather than on S-VLAN as in the case of HVPLS. Clearly, the E-LAN/E-Line/E-Tree services are identified by an I-SID, as in PBB
scenarios.
This scenario has a clear benefit concerning the forwarding tables’ size reduction at
the PE-rs nodes, since a former PBB encapsulation has been performed at the MTU-s nodes.
Thus, the PE-rs nodes only need to learn a few set of B-MAC addresses, instead of all CMAC addresses. The reader should also note that this scenario benefits of the resiliency
features of VPLS.
Key aspects of this technology are:
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H-VPLS
PBB+SPB
Hybrid
VPLS

Fwd Table size (#entries)
Edge nodes
Core nodes
20 × 200
20 × 200 × 4
20 × 200
625
20 × 200
625
20 × 200 × 4

Core
Connectivity
2 PWs
2 SP trees
2 PWs
25 × 24/2 PWs

Table 3.1: Numerical example: Greenfield deployment
As shown in Table 3.1, the number of MAC addresses that core nodes need to learn is
tremendously large in H-VPLS, proportional to the number of E-LAN services and MAC
addresses per E-LAN. Thanks to PBB, this number is reduced to the number of Edge nodes
(MTU-s/BEBs). If the network is small (up to a few number of nodes), the VPLS solution
does not pose serious scalability issues and may well be considered appropriate.

3.5.4

OpenFlow-based SDN solution

Figure 3.7 shows an OpenFlow-based solution which uses commodity hardware in the
access layer controlled by a centralized controller. Any forwarding rule is placed in the
switch by the controller, which executes an algorithm based on Shortest-Path forwarding.
Our proposal for the metro network based on OpenFlow is by implementing a forwarding
algorithm like the Shortest Path Forwarding as described in [156], together with PBB’s
QinQ tunneling, supported also by the OpenFlow specifications. In this case, the shortest
path algorithm must be run within the controller, but no IS-IS protocol is needed and you
neither are limited by any vendor functionality. PBB Q-in-Q forwarding functionality is
required to minimize the forwarding tables at the core switches by aggregation.
This controller is not bound to any network hardware limitations or vendor platform.
The controller communicates with all OpenFlow-aware devices (and therefore is aware of
the network topology), therefore this architecture supplies a very powerful means to program
the data-flows in a network the most optimal way, using shortest paths or following a given
traffic engineering strategy.
The controller can create a complete view of all switches and links between the switches.
Because of this view the controller has, it can calculate the shortest path between nodes and
instruct the switches to create flows that adhere to this shortest path.
The major difference in this approach compared to 802.1aq is that instead of letting
all switches work together to decide the optimal path, all switches communicate with the
controller, where all the calculations are performed and commands are sent to the switches.
The controller installs flow entries, according to a Shortest Path algorithm, in the
FlowTables of the OpenFlow switches. Theoretically even the standard 802.1aq Shortest
Path Bridging described earlier could be implemented in OpenFlow, but we do not think
such an implementation can compete with native SPB (802.1aq) because the centralized architecture, overhead and latency will always be worse than native and specialized hardware.
In terms of multicast support, since there is flexibility to program the control plane, we
can take a similar approach to Shortest Path Bridging (per service per-node trees) or H-VPLS
(edge replication), or alternatively develop more efficient algorithms based on shared trees.
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There is no distributed C-MAC learning in this solution, since all flows are installed
by the controller. For the first time, when the first end node sends a packet to a new destination, it sends an ARP which causes a PACKET IN message for the controller. The controller
then broadcasts a PACKET OUT message to other ports of the ELAN on the network. The
same procedure occurs on all switches until the end destination is achieved. The end destination sees the ARP request and sends an ARP reply. This reply goes to the controller,
which sends it to the first host and pushes down a flow entry on both switches that will add
the backbone 802.1ah header to traverse the network.
To summarize, although advantages like CAPEX reduction, flexibility, removing dependency from vendors and reusing TDM operational model can be considered, the following
issues can be highlighted:
• Resiliency: in terms of resiliency and fault management [84], the dependency on a
centralized controller will make it hard to achieve 50 ms target [157].
• Industry traction: lack of industry traction of OpenFlow in carrier metro networks.
• Multicast efficiency: multicast scalability is still to be proven. On top of those, a key
aspect to consider mandatory is an implementation of a reliable Data Communication
Network (DCN), similar to the one used in TDM networks, in order to connect the
OpenFlow switches efficiently with the controller. DCN should therefore be an overlay network, using standard routing protocols and devices, that will transport secure
OpenFlow connections (i.e. through SSH) between each switch and the controller.
Finally, another potential issue of OpenFlow-based SDN is the implosion problem when
bootstrapping the network. The controller and control network may get overloaded due to
the size of the network. This could be fixed in future specifications of SDN and OpenFlow.

3.6

Comparison

Figure 3.8 shows a comparison of the four aggregation network scenarios explained
in the previous chapter. The comparison is represented as an hexagon, where each vertex
represents one of the metrics under consideration: 1) Scalability, which refers to grow at
large scale without any major parameter limitation, specially C-MAC table and LDP; 2)
Efficiency of multicast support, which compares the efficiency of multicast in terms of
handling stream replication; 3) OAM refers to Carrier-grade OAM capabilities like 802.1ag
or Y.1731; 4) Resiliency refers to capacity of repairing the network in less than 50 ms; 5)
Simplicity is about implementing a reduced header and with a simplified layering implementation, as well as service provisioning touches; finally 6) Industry traction refers to
commercial developments and standardization status.
• Scalability: VPWS/VPLS has issues with C-MAC tables and LDP scalability, since
PE nodes need to learn C-MAC addresses and network must be fully meshed. HVPLS solves partially this LDP issue, however only solutions based on PBB resolves
completely the C-MAC scalability. In terms of energy efficiency, according to [157],
OpenFlow can help scalability through energy efficiency, compared to H-VPLS and
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it gets the lowest score.
• Simplicity: solutions not using MPLS get highest score, since they are based on pure
Layer 2 operation and have a simplified header. All MPLS solutions explained in this
paper (H-VPLS and H-VPLS improved with 802.1ah) need several control planes and
protocols like IGP, LDP, RSVP-TE in order to efficiently support all QoS, OAM and
resiliency capabilities explained before. Another reason why MPLS-based solution
gets lower score is because of service provisioning touches. The number of provisioning touches is an important parameter, since it affects service creation time and
debugging. For the technologies discussed in this paper, provisioning can generally
be divided into two distinct areas: tunnel provisioning is done by establishing tunnels between network elements of the operators’ network, and service provisioning
establishes the virtual private network membership. Service provisioning is typically
done when new services are desired. Ideally, the service creation provisioning should
be focused at the edges of the network, and only on switches directly connected to
the customer devices. 802.1ah follows this model, as service creation is only done at
the interfaces facing the customer. H-VPLS services are slightly different than PBB.
H-VPLS requires a full mesh of PWs between each VPN end-point at PE-rs (Virtual
Switching Instance - VSI).
• Industry traction: all solutions presented are standard nowadays, except for
OpenFlow-based SDN. It seems that MPLS based solutions are getting better industry traction than Shortest Path Bridging, as demonstrated by live deployments of HVPLS in at least two major service providers. This seems to be not by any technical
advantage, but because most operators have already learned MPLS technology since
it is already extensively deployed in their networks. OpenFlow-based SDN for metro
networks is still at its infancy and will take some time to see a commercial product
available with this technology for metro networks.

3.7

Summary and conclusions

Choosing the appropriate technology to create a network infrastructure in metro networks is not an easy decision. Network operators should balance their real needs according
to their customers’ needs, the investment cost of new network equipment as well as the operational cost in order to find an optimum combination of providing flexible service versus
cost.
The decision should take into consideration many factors like the following:
• Cost of the solution, in both CAPEX and OPEX.
• Industry traction
• Greenfield deployment or expansion of existing network.
We have overviewed, analyzed and compared the key characteristics of available technologies. As shown, both VPLS and H-VPLS are good solutions for small networks, but

Chapter 4

Proposal for Efficient
Troubleshooting of PON networks
using Carrier-grade Ethernet and
WDM-PON
Passive Optical Networks (PONs) have been proposed and standardized to open up the
bandwidth capacity of access networks. At present, network operators have begun to deploy
TDM-PONs in high-density urban areas, while Wavelength Division Multiplexing (WDM)
PONs are still in the early stages of deployment.
Concerning TDM-PONs, current standards such as the Gigabit PON (ITU-T G.984), the
Ethernet PON (IEEE 802.3ah), and their enhancements XG-PON (ITU-T G.987) and 10GEPON (IEEE 802.3av) use a 1xN passive splitter/combiner to divide the optical signal to all
users in the downstream direction and aggregate the users’ data in the upstream direction.
TDM access sharing is required in the upstream direction to avoid collisions between user’s
data. On the other hand, for PONs based on WDM, the power splitter/combiner is replaced
by a wavelength selective filter, usually an Array Waveguide Grating (AWG), thus allowing
a dedicated wavelength with symmetric bandwidth between each user and the central office.
Despite their differences, both types of PONs share a main drawback related with the
high Operational Expenditures (OPEX) derived from their manual troubleshooting procedures, as follows: typically, most vendor equipment offer proactive alarms related with physical and link-layer aspects such as link down, frame loss or power level events. These alarms
are often followed by a set of manual measurements launched by the network manager to
detect and locate the failure, most of the times comprising fiber breaks or dirty connectors.
In this light, the network manager must devote some time in manually connecting an external measurement equipment with Optical Time-Domain Reflectometry (OTDR) capabilities
to actually locate the failure and isolate it from the rest of the network. Such manual operational procedures comprise high OPEX, and it would be desirable to make them automatic.
Indeed, the IEEE and the ITU-T have standardized a number of Operations, Administration and Maintenance (OAM) procedures for Ethernet networks under the IEEE 802.1ag [52]
and ITU-T Y.1731 [79] recommendations. These mechanisms include the generation of
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loopback messages, measurements of packet delay or loss, etc. at the Ethernet layer which,
in conjunction with the raw physical alarms provided by most equipment vendors and the
OTDR measurements, can provide a means towards the automatic troubleshooting of WDMPON networks.
This chapter explores this idea of integrating troubleshooting information from multiple independent sources (equipment alarms, OTDR traces and Ethernet OAM features) and
further proposes an Integrated Troubleshooting Box (ITB) for the effective and proactive
(i.e. without user intervention) management of failures in WDM-PONs. Thanks to this box,
the network manager will be provided with accurate real-time information about the PON
status, including the detection, isolation and verification of failures upon their occurrence
(Fig. 4.1).
The remainder of this chapter is organized as follows: Section 4.1 describes the troubleshooting capabilities of OTDRs at the optical layer. Section 4.2 reviews the Ethernet
OAM mechanisms described in the IEEE 802.1ag and ITU-T Y.1731 at the link layer. Section 4.3 proposes the above mentioned ITB device which will integrate both physical and
link-layer functionalities and automatize the process of detection, verification and isolation
of the failure. Finally, Section 4.4 concludes this chapter with a summary.

4.1
4.1.1

Thoubleshooting WDM-PON networks at optical layer
OTDR background

OTDR equipment allows to detect and locate fiber breaks with a very fine resolution,
in the order of milimeters. Essentially, the OTDR equipment launches a very narrowband
pulse into the fiber, and a response is then received back to the OTDR when any air-glass
interface in the cable is detected. Typical examples of air-glass interfaces are due to fiber
connectors or fiber breaks. The exact location of a fiber break can be inferred from the
measured amplitude and delay of the response.
OTDR equipment can be applied to PON networks for the detection of fiber breaks,
either in the feeder or in a branch. In TDM-PONs, the OTDR pulse can either be tuned on
the same up/downstream wavelength (in-band OTDR, 1490/1310 nm) or on a different one
(out-of-band OTDR, typically at 1625 nm). In the former, hardware changes are required
in both OLT and ONTs to prevent the OTDR signal from affecting the traffic of non-faulty
users. In the latter case, hardware changes are only required in the ONTs, basically to
make them capable of reflecting the OTDR wavelength. In either case, significant hardware
changes are required.
However, in WDM-PONs, the OTDR can be tuned on each user wavelength (in-band
OTDR) with minimal hardware changes, only those involving the coupling of the OTDR
equipment itself as shown in Fig. 4.1, which poses a clear benefit over TDM-PON troubleshooting.
Fiber breaks may occur either in the feeder section of the PON or in a user’s branch. In
the first case, then all users will experience service disruption so the OTDR should detect
the same problem at exactly the same location in every wavelength. If the fiber break occurs
in a branch, then the OTDR must be tuned to that particular channel in order to detect the
exact location of the break. Thanks to its WDM nature, the failure can be diagnosed without
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(b) OTDR snapshot (channel 5)

Figure 4.4: OTDR snapshots for Test 1

(a) OTDR snapshot (ch. 16)

(b) Zoomed-in OTDR snapshot (ch. 16)

Figure 4.5: OTDR snapshots for Test 2
figures that both the feeder and branch fibers can be inspected, even with the large insertion
loss introduced by the AWG (of 5.5 dBs at most). Any AWG ports without a fiber can be
easily identified from the OTDR response.
Test 2. Reach and termination tests
Test 2 takes one step further by increasing the trunk fiber length for up to 16 km, and
terminating port 16 (instead of port 4) of the AWG with an un-powered ONT (see Fig. 4.3).
In this setup, the branch is 2.5 km long rather than 4 km as before. Again, all conections
where performed with SC/APC connectors. The OTDR was then tuned to channel 16 (i.e.
wavelength 1545.3 nm) showing the snapshots of Fig. 4.5.
The first snapshot shows the entire 18.5 km fiber length on a 20-km window view. The
OTDR sensitivity is set to the maximum value (71 dB) but even so, the so-large attenuation
observed hides any details about the power drop at the AWG or the banch fiber section. The
OTDR automatically switches to Rayleigh mode for this view.
In order to better see the details at the end of the fiber, the second snapshot of Fig. 4.5
provides a 50-meter window view at the very end of the fiber, i.e. at 18.5 km. Sensitivity is
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now reduced to 42 dB and the OTDR has automatically switched to the Fresnel mode for this
zoomed-in view of the last 50 meters. The reflection produced by the ONT is now clearly
evident. Both window size, sensitivity and window position can be manually adjusted along
the entire fiber length to identify and locate any fiber anomaly, including fiber breaks, dirty
connectors, etc.

4.2

Carrier-grade Ethernet OAM

In WDM-PONs, the point-to-point wavelengths betweeen the OLT and the ONTs can,
but not necessarily, carry Ethernet frames. In this case, the WDM-PON can leverage from the
Ethernet carrier-grade capabilities, which can show multiple advantages for troubleshooting.
The OAM features of Ethernet, specified in the IEEE 802.1ag and the ITU-T Y.1731, can be
split into two main areas: fault management and performance monitoring.

4.2.1

Fault management

Fault management is in charge of detecting and isolating failures, and reporting them to
the network operator. To this end, it provides the following functionality:
• Fault Detection supported through the use of Continuity Check Messages (CCMs).
CCMs are periodically issued between two end points, say for instance every 10 ms
(this value can be configured by the network manager). If three consecutive CCMs are
not received, a failure is assumed to have occurred. At this point, an alarm is reported
to the network management plane.
• Fault Notification All devices supporting the ITU-T Y.1731 can be configured to report Alarm Indication Signals (AIS) to the network management plane upon failure
suspicions, either after three lost CCMs or any other misbehaving event. At this point,
the network manager should verify and isolate the failure, as explained next.
• Fault Verification is in charge of verifying that an actual failure has occurred. Under
failure suspicion, the network manager can configure the device to send a Loopback
Message (LBM) to a specific destination, which would answer with a Loopback Reply
(LBR). Obviously, in the case of an actual failure, no reply would arrive back to the
source. The key difference between fault detection and verification is that, in the former, the CCMs are periodically sent, whereas the LBMs have to be manually launched
by the operator.
• Fault Isolation achieved through the use of Linktrace Messages (LTM) and Linktrace
Reply (LTR) messages, also provided by the management plane. The network manager may configure a device to initiate an LTM towards an end node. In this case, each
intermediate device along the source-destination path must reply with an LTR back to
the source. This allows the network operator to detect the exact faulty link. In a nutshell, the LBM/LBRs are like ICMP pings, while the LTM/LTRs act as traceroutes at
the Ethernet layer.
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Performance monitoring

The ITU-T Y.1731 standard complements the fault management procedures defined in
the IEEE 802.1ag with extra performance monitoring features. Essentially, the network
manager may decide to use the ETH-LM and ETH-DM fields inside the CCM frame to
collect information regarding loss measurements (ETH-LM) or delay and delay variation
information (ETH-DM). These two counters allow the network management plane to trigger
alarms to the network operator when certain thresholds are exceeded.
These counters can be used to estimate useful metrics for the network operator such
as Frame Loss Ratio (FLR), Frame Delay (FD) and Frame Delay Variation (FDV). This
information is particularly valuable in real-time services since these require strict Service
Level Agreements (SLAs).
To conclude, Ethernet offers a comprehensive set of OAM tools with enhanced troubleshooting capabilities when combined with optical tests. Next section introduces the Integrated Troubleshooting Box (ITB) that combines both approaches, and further shows its
applicability with a number of realistic use cases.

4.3

The Integrated Troubleshooting Box

The ITB is a software module that brings together optical and link-layer troubleshooting. Fig. 4.6 overviews the architecture of the ITB interoperating with the OLT and a tunable
OTDR, and their interfaces. As shown, both OLT and OTDR support Command Line Interfaces (CLI) for third party provisioning by the ITB, although other typical interfaces such as
NETCONF could be supported. In addition, the OLT exports alarms through SNMP, while
the OTDR uses SFTP to send its traces to the ITB.
In a real scenario, the OTDR should be properly connected to the WDM-PON for inservice measurements, that is, the OTDR signal must not be affected by the user’s traffic
carried in other wavelengths. The following set of requirements are necessary for such inservice tests:
• Permanent low loss optical tap to be inserted into each line card for connecting the
OTDR (point A in Fig. 4.6).
• A single tunable OTDR to be coupled to all line cards with an optical switch (point B).
This way, the OTDR may take measurements in all line cards, but not simultaneously.
• A low pass filter (LPF) between the OTDR and the optical switch (point C) that isolates the OTDR from stray light.
• Disable the L-Band laser on the OLT line card associated with the channel under
inspection.
• The OTDR must be able to be tuned on the L-Band (downstream band) for fiber testing.
The software module at the ITB runs the following algorithm (see Fig. 4.7): Upon the
reception of one or many alarms, the OLT forwards these events to the ITB via SNMP. With
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worlds, namely Ethernet OAM and physical measurements, into an integrated and effective
troubleshooting tool to ease the management of WDM-PON networks. This algorithm
is capable of diagnosing different failure situations in a WDM-PON setup, including failures
in the feeder fiber, one of its branches or even after the ONT.
One of the main drawbacks of the proposed solution is related with the cost of the tunable OTDR and its associated filters required for in-service operations. Nevertheless, it is
worth noticing that OTDR equipment is shared among a number of OLT line-cards, each
one serving up to 32 ONTs in current deployments, but may reach 128 ONTs [152] and
beyond in the near future. Hence the total cost of the integrated solution would be shared
among Nx128 ONTs, where N refers to the number of OLT line-cards per chassis, at present
ranging between 8 and 16.
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Chapter 5

Capacity Planning of NG-PON with
Different Service Levels
At present, some network operators have begun to offer 1 Gb/s downstream Internet access to both residential and business customers in the world. Such bandwidth capacity may
not be strictly necessary for supporting new services, but customers appreciate such bandwidth as a means to enhance their experience, especially given the ever-increasing number
of devices connected at home (laptops, tablets, smartphones, smart TVs, videogaming devices, etc). Other services than residential, namely business services or wireless backhaul,
require better service levels than conventional basic connections, in particular, low-latency
and higher bandwidth guarantees.
The Passive Optical Network (PON) is the technology of choice in the medium and
long term due to its speed and cost-effectiveness, thanks to the Optical Distribution Network
(ODN) reuse. Indeed, GPON and EPON are becoming widely spread in the access network,
and their next-generations have been recently standardized (XG-PON and NG-PON2 by the
ITU-T and 10G-EPON by the IEEE).
In all cases, the Optical Line Terminal (OLT) located at the Central Office (CO) arbitrates
access to the shared media thanks to a Dynamic Bandwidth Allocation algorithm which
allocates transmission windows to the users in a TDM-based [35] [151]. In addition, the
total bandwidth is shared between all users in a dynamic fashion, allowing the OLT to assign
bandwidth only to active users as they need. In this light, it has been observed that only a
few number of subscribers are simultaneously active in residential scenarios [32] [91] [150],
thus allowing network designers apply oversubscription models in their capacity plans and
leverage statistical multiplexing gains to reduce the cost of deployment [20]. In particular,
the work in [32], which is an Adtran white paper available at the FTTH Council website1 ,
estimates the average traffic generated per household in North America as 60 Kb/s in
2008, with a Compound Annual Growth Rate (CAGR) of approximately 20% per year for
the period 2009-2012.
The question is to what extent residential and business users can be mixed on the same
PON while keeping their respective service requirements. This chapter extends the model
of [91] [150] to a more generic case whereby two types of Internet connections are de1

Available in Jan 2016 at: http://www.ftthcouncil.org/d/do/20
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manded by customers (basic and premium for residential and business users) and further
evaluates the limits of capacity planning with oversubscription in Next-Generation
PON scenarios. We show that only Next-Generation PON networks can reach a large number of users (split ratio 1 : 256) with acceptable service levels.
The remainder of this chapter is structured as follows: section 5.1 makes a quick
overview of TDM-PON technologies; section 5.2 performs a capacity planning with oversubscription on those TDM-PON technologies, considering all users with the same profile;
section 5.3 extends the previous analysis to users with basic and premium profiles; finally
conclusions are discussed on section 5.4.

5.1

Quick overview of TDM-PON technologies

ITU-T Standard
DL/UL Rate
(Gb/s)
Max. Split

GPON
G.984
2.5/1.25
1:64

XG-PON
G.987
10/2.5
10/10
1:128

TWDM-PON
G.989
40/10
80/20
1:256

Table 5.1: Summary of features for ITU-T TDM-based PON technologies
Although TDM-PON technologies have already been described in chapter 2, table 5.1
shows a brief summary of the main features of the ITU-T standards for Passive Optical
Networks: GPON, XG-PON and TWDM-PON. Both GPON and XG-PON networks use
one wavelength for downstream and another one for upstream, shared by the ONUs in a
TDM fashion. On the contrary, TWDM-PON comprises a stacking of four or eight XGPONs on different wavelengths (4x10G/2.5G, or 8x10G/2.5G). It is also worth noting that
both GPON and XG-PON may coexist on the same ODN with TWDM-PON.

5.2
5.2.1

Capacity planning with oversubscription
All users with the same profile

Let N refer to the maximum number of users physically attached to the same PON
branch; typical values of N follow powers of two, typically: N ∈ {1, 2, 4, 8, 16, 32, 64, . . .}
depending on the optical splitters. Next, we consider users as two-state Bernoulli processes,
i.e. active with probability q or idle with probability 1 − q; all users are uncorrelated and
have the same behaviour. As observed in many measurement studies, the value of q is very
small for residential users.
Next, let X refer to the random variable that considers the number of active users at a
given random time. Clearly, 0 ≤ X ≤ N . Essentially, X follows a Binomial distribution,
X ∼ B(N, q), whose Probability Density Function (PDF) follows:
 
N j
P (X = j) =
q (1 − q)N −j ,
j

j = 0, 1, . . . , N

(5.1)
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Concerning bandwidth, let B denote the rate observed per individual user in the PON
branch, as follows:


C
B = min
, Bpeak
(5.2)
X
where C is the total offered bandwidth capacity of each NG-PON technology (see Table 5.1),
and Bpeak is the maximum (peak) bandwidth rate provided to the users. B is a discrete
random variable, which depends on the number of active users: the smaller the value of
X the more bandwidth rate experienced per active user (upper bounded by Bpeak ). On the
contrary, when all users are active (X = N ), all users experience the minimum guaranteed
bandwidth rate C/N . In light of this, the random variables B and X are related as follows:


k  
X
C
N j
P B≥
= P (X ≤ k) =
q (1 − q)N −j
(5.3)
k
j
j=0

meaning that, when k users are active, the capacity C is equally shared among them. In
other words, a minimum of C/k bandwidth is available for users as long as no more than k
users are active.
Both users and operators are interested in two metrics regarding bandwidth: average
value E(B) perceived by active users and percentage of time β whereby a certain peak
bandwidth Bpeak is guaranteed. The former follows:


N
X
C
E(B) =
min
, Bpeak P (X = j)
X
j=0

(max)

Nact

=

 
N j
Bpeak
q (1 − q)N −j
j

X
j=0

+

N
X
(max)
j=Nact

 
C N j
q (1 − q)N −j
j j

(5.4)

(max)

where the term Nact
is the maximum number of active users that allows all of them
receive Bpeak fixed, i.e.:
j C k
(max)
Nact
=
(5.5)
Bpeak
On the other hand, the percentage of time β whereby bandwidth Bpeak is guaranteed to
an active user requires to obtain:


β=P X≤

(max)
Nact



(max)
X N 
=
q j (1 − q)N −j
j

Nact

(5.6)

j=0

C
In other words, the percentage of time β is guaranteed when no more than Bpeak
users are
simultaneously active.
In general, it is very unlikely to have many active users when q is sufficiently small. This
allows network operators to leverage statistical multiplexing gains and plan their networks
with oversubscription.
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5.2.2

Numerical example and design criteria

E(B), β

1:4

1:8

GPON

998 Mb/s
99%
1000 Mb/s
∼100%
1000 Mb/s
∼100%
1000 Mb/s
∼100%

977 Mb/s
89%
1000 Mb/s
∼100%
1000 Mb/s
∼100%
1000 Mb/s
∼100%

934 Mb/s
68%
1000 Mb/s
∼100%
1000 Mb/s
∼100%
1000 Mb/s
∼100%

665 Mb/s
14%
1000 Mb/s
∼100%
1000 Mb/s
∼100%
1000 Mb/s
∼100%

XG-PON
40G-TWDM
80G-TWDM

GPON
XG-PON
40G-TWDM
80G-TWDM

1:16
q = 15%
870 Mb/s
56%
1000 Mb/s
99%
1000 Mb/s
∼100%
1000 Mb/s
∼100%
q = 50%
337 Mb/s
∼0%
987 Mb/s
89%
1000 Mb/s
∼100%
1000 Mb/s
∼100%

Split
1:32

1:64

1:128

1:256

588 Mb/s
12%
999 Mb/s
99%
1000 Mb/s
∼100%
1000 Mb/s
∼100%

289 Mb/s
∼0%
929 Mb/s
63%
1000 Mb/s
99%
1000 Mb/s
∼100%

545 Mb/s
1%
999 Mb/s
99%
1000 Mb/s
99%

929 Mb/s
63%
999 Mb/s
99%

161 Mb/s
∼0%
645 Mb/s
2%
1000 Mb/s
∼100%
1000 Mb/s
∼100%

79 Mb/s
∼0%
317 Mb/s
∼0%
987 Mb/s
89%
1000 Mb/s
∼100%

157 Mb/s
∼0%
645 Mb/s
2%
987 Mb/s
89%

317 Mb/s
∼0%
645 Mb/s
2%

Table 5.2: Bandwidth comparison between the main PON technologies: E(B) and β when
Bpeak = 1 Gb/s
(GP ON )

Consider a network operator willing to deploy a GPON network (CDL
= 2.5 Gb/s
downlink) whereby users are guaranteed Bpeak = 1 Gb/s during at least 20% of the time
(i.e. βmin ). In addition, this deployment is intended for residential users who have shown
q = 0.15 (i.e. 15% average activity) in the past.
First of all, users are guaranteed Bpeak = 1 Gb/s at least only if at most two of them are
active. In a deployment with N = 16 users (1 : 16 split), this occurs with probability 0.56
which is greater than βmin = 0.2. However, if the operator decides to go for a deployment
with N = 32 users, then P (X ≤ 2) = 0.12 when X ∼ B(32, 0.15). Thus, the operator
should plan its GPON network with a split ratio of at most 1 : 16. In such a case, the
average bandwidth perceived by users equals E(B) = 870 Mb/s as it follows from eq. 5.4.
It is also worth remarking that all N = 16 users are simultaneously active with probability:
q N = 0.1516 ∼ 10−14 which is unlikely; in such an unlikely case, each user perceives an
equal share of the total 2.5 Gb/s bandwidth, i.e. 156 Mb/s which is the worst case possible
value.
Following this methodology, table 5.2 shows the values of β and E(B) for GPON, XGPON and TWDM-PON with different split ratios under the assumptions of users with low
periods of activity (i.e. residential-like q = 0.15) and users with high-periods of activity (i.e.
business-like q = 0.5).
When q = 15%, XG-PON significantly improves the results of GPON providing Bpeak
during a large percentage of time, allowing split ratios of up to 1 : 64. TWDM-PON provides
at least 1 Gb/s during nearly 100% of the time for split ratios up to 1 : 128 and may even
reach 1 : 256 with good performance (β = 63% and E(B) = 929 Mb/s). When large user
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Figure 5.1: E(B) and β for the three PON technologies
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activity periods are expected, for instance q = 50%, only 40G-TWDM-PON can reach up
to 64 users with a minimum of Bpeak during 20% of the time, while 80G-TWDM-PON may
reach up to 128 users.
In summary, the split ratio dimensioning problem for a given PON technology reduces
to finding the largest value of N that satisfies:

j C k
P X≤
≥ βmin
Bpeak

(5.7)

where X ∼ B(N, q). Such largest value of N must be rounded to the next shorter split ratio
possible, i.e. {1, 2, 4, 8, 16, 32, 64, 128, 256}. Fig. 5.1 shows the values of E(B) and β as
the split ratio 1 : N increases, for GPON, XG-PON and 40G-TWDM-PON.

5.3

Analysis with two profiles: basic and premium users

The previous analysis has considered that all users show the same activity q and have the
same βmin requirement. Now, consider the case with two different types of users, namely,
(1) basic users that show low values of q and demand Bpeak only during a low value of
β, and (2) premium users that show large values of q and require Bpeak guaranteed during
βmin = 100% of the time. As shown in [154], some operators have observed that residential and business users exhibit different patterns, i.e. non-overlapping peak times
(the busiest hour of business and residential users occurs in the morning and evening respectively). For simplicity and brevity, we consider that both residential and business users are
uncorrelated and may be active during the same period of time as a worst-case scenario.
In particular, we shall consider Bpeak = 1 Gb/s, qp = 0.5 for premium users and a strict
(p)
requirement of 1 Gb/s available during βmin = 100% of the time, whereas basic users show
(b)
qb = 0.15 and only require 1 Gb/s during βmin = 20% of the time.
Let 0 ≤ Xb ≤ Nb and 0 ≤ Xp ≤ Np denote the number of basic and premium active
users, and let P (Xb ≤ j, Xp ≤ k) refer to the joint probability distribution function of active
basic and premium users. Nb and Np are the maximum number of active basic and premium
(b)
users in a PON. These numbers must be dimensioned based on the values of βmin , qb and
(p)
βmin , qp , and also taking into account that Np + Nb = N must be rounded to a power of
two.
In the case of GPON (2.5 Gb/s downlink), when Bpeak = 1 Gb/s, at most two premium
users are possible in a PON since it would not be possible to guarantee 1 Gb/s to three users
during 100% of the time. Thus, the maximum number of premium users Np is limited to:
Np(max) =

j C k
Bpeak

(5.8)

Next, the goal is to find the largest value of basic users Nb for sharing the remaining capacity,
(b)
whereby βmin is guaranteed. In this example, if Np = 2 premium users are present in the
PON, the average capacity they spend follows Np qp Bpeak since they are not always active
(only during qp per user), leaving the rest of capacity for basic users.

5.3. Analysis with two profiles: basic and premium users

E(Bb ), βb
Np
Np = 0
Np = 1
Np = 2
Np = 3
Np = 5
Np = 7
Np = 9
Np = 10

1:8
977, 89%
947, 82%
870, 72%
-

GPON
1:16
870, 56%
795, 46%
678, 36%
-

1:32
588, 12%
499, 9%
395, 6%
-

XG-PON 1:16
40G-TWDM 1:64
80G-TWDM 1:128
1000, ∼100%
1000, ∼100%
1000, ∼100%
1000, ∼100%
1000, ∼100%
999, ∼100%
998, ∼100%
994, 99%

XG-PON 1:32
40G-TWDM 1:128
80G-TWDM 1:256
999, 99%
998, 99%
998, 98%
997, 98%
992, 96%
982, 92%
959, 86%
941, 83%
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XG-PON 1:64
40G-TWDM 1:256
80G-TWDM 1:512∗
929, 63%
913, 59%
895, 54%
875, 49%
825, 40%
762, 31%
686, 23%
643, 19%

Table 5.3: Bandwidth comparison for different business/residential configurations in GPON,
XG-PON and TWDM-PON.

Essentially, for every pair (Np , Nb ) where Np +Nb is a power of two, we need to compute
the percentage of time where the basic users receive Bpeak :

βb = P
=

Np
X
k=0

Xb ≤

jC − B

peak Xp

Bpeak

k

=



k
jC − B
peak k
| Xp = k P (Xp = k)
P Xb ≤
Bpeak
(5.9)

and the average capacity E(Bb ) experienced by them:

E(Bb ) =

Np
X

E(Bb |Xp = k)P (Xp = k),

Xp ∼ B(Np , qp )

(5.10)

k=0

Table 5.3 shows the average bandwidth E(Bb ) and percentage of time where Bpeak is
(max)
provided to basic users, for different values of Np = 0, . . . , Np
.
In the case of TWDM-PON, the calculus can be reused from the XG-PON results, since
TWDM-PON is in fact a stacking of four [40] or eight [8] XG-PONs on different wavelengths. For instance, 40G-TWDM-PON with split 1 : 128 is essentially a stacking of four
XG-PONs on four different wavelenghts, thus allowing 32 users per wavelength (4x32).
80G-TWDM-PON with split 1 : 256 gives the same numbers as XG-PON (1 : 32).
As shown in the table, GPON may provide good service levels with split ratios of up
to 1 : 8 and 1 : 16 at most, but can not allocate more than two premium users per PON
tree. However, XG-PON may reach up to ten premium users per PON tree and provide good
service levels to basic users with split ratios of 1 : 32 and even 1 : 64. Finally, TWDM-PON
may allocate at most ten business users per wavelength (i.e. 40 business total for 40GTWDM-PON and 80 business users for 80G-TWDM-PON), while providing 1 Gb/s to basic
users in configurations with 1 : 128 and even 1 : 256. It is finally worth remarking that splits
1 : 512 are not yet supported by the ITU-T G.989 standard, but has been shown in the table
for the purpose of completeness.
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Summary and conclusions

This chapter provides a comparison of the three TDM-based PON technologies in the
provisioning of 1 Gb/s to customers with a basic subscription and premium customers. Network planning has been assumed with over-provisioning, whereby network providers guarantee a certain peak rate during only a portion of time, and leverage the assumption that
users are only active during a small fraction of time.
As shown, GPON provides good results for splits 1 : 8 and 1 : 16, but cannot meet
the requirements for 1 : 32 and beyond. XG-PON is recommended for splits 1 : 32 and
even 1 : 64 with a moderate number of premium users. 40G-TWDM-PON shows the same
performance, but for splits 1 : 128 and 1 : 256. Finally, 80G-TWDM-PON can go beyond
these numbers and theoretically even reach 512 users. Clearly, TWDM-PONs provide the
best performance results and highest number of connected users.
Furthermore, TWDM-PONs are cost-effective technologies in dense urban areas, where
the average distance between the ONUs and the OLT is small and the Optical Distribution
Network (ODN) can be shared by a large number of customers, not that much in rural areas
(see [149] for further details).

Chapter 6

Cost Assessment of NG-PON
Technologies to Provision 1 Gb/s
Symmetrical Services
1 Gb/s Internet access services are offered by some service providers worldwide. This 1
Gb/s service is being offered as a peak data rate with different levels of guarantee in addition
to a minimum multi-Mb/s committed information rate. While basic services may not require
such a high rate, not even symmetrical, other factors like user experience enhancement, the
increasing amount of connected devices at home, low latency requirements for interactive
gaming and other coming applications (UHD 3D immersive gaming and video-conferencing,
cloud computing, infrastructure-as-a-service, etc ) are expected to boost the demand for
symmetric 1 Gb/s access capacity with certain QoS guarantees in the near future.
Deploying 1 Gb/s symmetrical services with optical fiber is expensive due to the high
investment costs associated with civil works. Some service providers may opt for taking
maximum advantage of their existing twisted-pair copper infrastructure in the design. This
strategy leads to fiber-to-the-cabinet (FTTC) and fiber-to-the-node (FTTN) deployments,
combining fiber with VDSL2 [139]. However, this configuration also involves costs of installation, powering and maintenance of intermediate active devices, as well as additional
delay, and hence, installing fibers up to the customer premises, either residential or business
(FTTH / FTTB), seems to be the best long-run approach to keep up with bandwidth and
latency requirements of future applications.
There is Passive Optical Network (PON) technology available to provide 1 Gb/s services
to end users, and a number of Next-Generation PON standards to be completed very soon.
While chapter 5 analyzed mainly planning models (without prices) for asymmetric services,
this chapter aims at comparing costs of GPON, XG-PON, TWDM-PON and WDM-PON
standards concerning the provisioning of 1 Gb/s symmetrical connectivity to residential
customers. Such a comparison addresses both technological and economic aspects, with the
aim to provide a reference to network operators willing to migrate for the next-generation
access services. A number of questions shall be investigated throughout this chapter: which
kind of FTTH technology is most suitable to offer 1 Gb/s symmetrical services? Can 1 Gb/s
be guaranteed 100% of the time? Which parameters must be considered in the network
design? What is the cost per user associated with each technology? A greenfield scenario
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deployment of a dense area with 5,000 users will be considered to answer all these questions.
The organization of this chapter is the following: Section 6.1 provides different architectures and protocols that are capable of supporting 1 Gb/s symmetrical services. Section 6.2
quickly reviews basic methodology used in capacity planning with oversubscription, often
used by network operators. Section 6.3 makes a technical and economic comparison of four
access protocols including CAPEX and OPEX. Finally, section 6.4 concludes this chapter
with a summary of its main results.

6.1

Architectures to provide 1 Gbit/s symmetrical services to residential users

Figure 6.1: Architectures to Provide 1 Gbit/s Symmetrical Services to Residential Users
Fig. 6.1 shows the different architectural options for residential users to be analyzed in
this chapter, namely Time Division Multiplexing (TDM-PON); Wavelength Division Multiplexing (WDM-PON); and a hybrid version, time and wavelength, called TWDM-PON
(Time-Shared Wavelength Division Multiplexing). All of them are suitable to support 1
Gb/s symmetrical services.
As detailed in chapter 2, TDM-PON uses a shared point-to-multipoint approach with
one or two wavelengths in the downstream direction (from Central Office to users) and
one wavelength in the upstream (from users to Central Office). GPON uses the 1490 nm
wavelength at 2.5 Gb/s for downstream data traffic (optionally the 1550 nm wavelength can
be used to carry RF video separately), and the 1310 nm at 1.25 Gb/s wavelength for upstream
traffic. XG-PON offers 10G/2.5G in the down- and upstream direction respectively. Besides,
there are also symmetrical TDM-PON standards like 2.5G/2.5G GPON or 10G/10G (XGPON2) but these will not be considered in this chapter due to the lack of real deployments.
Although this chapter analyzes scenarios with 1 Gb/s maximum and guaranteed rates for
TDM-PON, however, we do not think that providing 1 Gb/s symmetrical with any TDMPON technology can scale well in terms of cost, fiber usage and bandwidth.
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WDM-PON uses a single wavelength is re-directed to an end user from the central office
via a passive wavelength router located in the outside plant (OSP). In this case, the power
splitter/combiner is replaced by a wavelength selective filter, usually an Array Waveguide
Grating (AWG), thus allowing a single wavelength with symmetric bandwidth between each
user and the central office.
TWDM-PON is a technology that takes one step forward with respect to XG-PON, leveraging the research and development effort by the PON industry for this technology. Essentially, TWDM-PON increases the aggregate PON rate by stacking multiple XG-PONs on
different pairs of wavelengths, which yields an aggregate Nx10 Gb/s downstream and Nx2.5
Gb/s upstream. In a prototype showed in [97], N = 4 and each TWDM-PON ONU is
equipped with colourless transmitters and receivers operating at 10 Gb/s downstream and
2.5 Gb/s upstream. As in TDM-PONs, bandwidth is shared across several subscribers. This
solution is called hybrid since it combines the flexibility of TDM-PONs with the increased
capacity of WDM technology.
Further details about these technologies can be found in Chapter 2. Next section studies
the suitability of GPON, XG-PON, AWG-based WDM-PON and TWDM-PON to provide 1
Gb/s symmetrical services to residential customers. Such suitability is quantified from both
a technical and economic perspective in a hypothetical green field deployment.

6.2

Capacity planning

This section considers the capacity planning for each PON branch, following the architecture of Fig. 6.1. As noted, GPON, XG-PON and TWDM-PONs have a first splitting
stage 1 : 8 fixed and a second one 1 : N that can be configured (N ∈ {1, 2, 4, 8}). This
section studies how many users can coexist on the same PON branch sharing its bandwidth
so that they experience 1 Gb/s symmetrical service during most of the time. The analysis
is performed only for the uplink direction since this one is a more limiting factor than the
downlink case. The reader should not that, in the case of WDM-PON, all 32 users in the
PON branch are guaranteed a 1 Gb/s dedicated point-to-point connection, so this analysis is
not needed.

6.2.1

GPON, XG-PON and TWDM-PON with oversubscription

Most packet-switched telecommunication services rely on the concept of oversubscription; the access network is not an exception. Capacity planning based on oversubscription
works because of the empirical observation that only a small portion of subscribers are simultaneously active at a given random instant [91] [92] [150]. Network designers leverage
this fact to provide access to a large number of users at a moderate expense of resources.
Essentially, the Bpeak = 1 Gb/s bandwidth can not be guaranteed to all users during 100%
of the time, but only a portion of it.
The reader may find a similar capacity planning analysis in chapter 5, which focused
on the downstream bandwidth, while this chapter is focusing on the upstream since we are
dealing with symmetrical services. This chapter will also customize for the architecture
shown in Fig. 6.1, where the total number of users can take the values rtot ∈ {8, 16, 32, 64}
depending on the second splitting stage. This range of rtot only applies to GPON, XG-PON
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and TWDM-PON technologies since for WDM-PON deployments, we consider rtot = 32
fixed (see Fig. 6.1).
Following chapter 5, ract will be a random variable that considers the number of active
users at a given random time, and follows a Binomial distribution. Similarly, related to
bandwidth, let us define B as the rate observed per individual user in the PON branch, as
follows, where CU L is the upstream capacity of each NG-PON technology:
B=

CU L
ract

(6.1)

Considering Bpeak as the maximum bandwidth rate experienced when the number of
active users is small, we can define oversubscription ratio o as the maximum carried traffic
divided by the maximum bandwidth capacity promised to the users, in other words:
o=

CU L
rtot Bpeak

(6.2)

Finally, let β refer to the probability that Bpeak is guaranteed to the users in the oversubscription model. Thanks to the properties of the Binomial distribution, β can also be thought
of the percentage of time whereby Bpeak is guaranteed.

6.2.2

Numerical example and analytical results

The reader may find a numerical example for a GPON solution in chapter 5, analyzing
(GP ON )
results related to downlink limitations (CDL
= 2.5 Gb/s). In this case, let’s consider
(GP ON )
a slightly different architecture and the uplink GPON limitation instead: CU L
= 1.25
Gb/s with q = 0.15 (i.e. 15% activity per user) and rtot = 32 users, that is, the second
splitting stage is 1 : 4. First of all, the maximum number of active users in order to guarantee
(max)
Bpeak = 1 Gb/s is ract
= 1 user, that means, one active user at most (two active users
would share 1.25 Gb/s). Following the Binomial distribution, the average number of active
users is: E(ract ) = rtot q = 4.8 users, and the average bandwidth is E(B) = 323 Mb/s
(refer to equation 5.4 for average bandwidth rate perceived by the users)
In the unlikely event that all users are active, i.e. ract = rtot , which occurs with probability:
P (ract = 32) = q 32 = 4.3 · 10−27
(6.3)
the bandwidth experienced per active user is only: B = 39 Mb/s. This is the minimum
absolute guaranteed bandwidth during 100% of the time.
Now, since most users are idle during most of the time, the next stage is to see the
(max)
probability that only ract
= 1 user is active in the PON branch, thus receiving Bpeak
bandwidth. Following the Binomial distribution, the probability of having 1 active user or
less in the PON is only 3.7%.
Now, consider that the operator’s requirement is that all users must receive Bpeak = 1
Gb/s during at least β = 20% of the time. Then the value of rtot can be no larger than 18
total users, since P (ract ≤ 1) = 0.22 when nact ∼ B(rtot = 18, q = 0.15) but P (ract ≤
1) = 0.198 when ract ∼ B(rtot = 19, q = 0.15). Since rtot ≤ 18, the maximum split ratio
in the second stage must be at most 1 : 2 (rtot = 8 × 2 = 16 total users per PON branch). In
this case, the average bandwidth experienced by users is now E(B) = 612 Mb/s.
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(XG−P ON )

In the case of XG-PON, when CU L
= 2.5 Gb/s, Bpeak = 1 Gb/s is guaranteed
(max)
when there are no more than ract
= 2 active users in the PON branch. For the same
β = 20% criteria as before and q = 15%, the maximum number of users in the PON branch
rises to: rtot ≤ 27. Again, the maximum split in the second stage is 1 : 2 (16 users at most),
which yields an average bandwidth rate E(B) = 870 Mb/s.
Fig. 6.2 shows the Complementary Cumulative Distribution Function (CCDF) of B for
GPON with different split ratios (see eq. 5.3) along with the average bandwidth rate E(B).
As shown, the cases 1 : 64 and 1 : 32 provide very small percentages where 1 Gb/s is
guaranteed (3.67% and 0.04% respectively), and small values of average bandwidth.
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Figure 6.2: GPON - CCDF of B and average bandwidth for different split ratios, q = 15%

1:8
E(B), β
GPON
XG-PON
TWDM
WDM-PON
E(B), β
GPON
XG-PON
TWDM
WDM-PON

847 Mb/s, 65.7%
977 Mb/s, 89.5%
1000 Mb/s, ∼100%
364 Mb/s, 3.5%
665 Mb/s, 14.5%
1000 Mb/s, ∼100%
-

1:16
q = 15%
612 Mb/s, 28.4%
870 Mb/s, 56.1%
997 Mb/s, 98.8%
q = 50%
168 Mb/s, ∼0%
337 Mb/s, ∼0%
934 Mb/s, 68.7%
-

1:32

1:64

323 Mb/s, 3.7%
588 Mb/s, 12.2%
977 Mb/s, 89.5%
1000 Mb/s, 100%

145 Mb/s, 0.04%
290 Mb/s, 0.2%
870 Mb/s, 56.1%
-

80 Mb/s, ∼0%
162 Mb/s, ∼0%
665 Mb/s, 14.5%
1000 Mb/s, 100%

40 Mb/s, ∼0%
79 Mb/s, ∼0%
337 Mb/s, ∼0%
-

Table 6.1: Bandwidth comparison between the four NG-PON technologies: average bandwidth and percentage of time where Bpeak = 1 Gb/s symmetrical is guaranteed
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Furthermore, table 6.1 shows the average rate E(B) observed and the percentages of
time β where Bpeak is guaranteed for all NG-PON technologies and different split ratios.
This table is similar to table 5.2, however the latter considered other split ratios and other
technologies. The values of TWDM-PON have been computed taking into account that a
stacking of four XG-PON technologies is shared among rtot users. In other words, we have
computed the E(B) and β values for an XG-PON with rtot
4 users.
When q = 15%, XG-PON significantly improves the results of GPON providing 1 Gb/s
bandwidth rate during at least 50% for the split ratios 1 : 8 and 1 : 16. TWDM-PON
provides 1 Gb/s during most of the time for split ratios 1 : 32 and below. When large user
activity periods are expected, for instance q = 50%, only TWDM-PON with 1 : 8 and 1 : 16
split ratios can provide 1 Gb/s bandwidth during a substantial percentage of time.
Finally, it is worth remarking that WDM-PON provides a dedicated point-to-point connection between each user and the OLT with 1 Gb/s guaranteed 100% of the time for
rtot = 32 users regardless of the user activity q.

6.3

Economic study for an urban area

This section studies the total cost of ownership (TCO), including both capital (CAPEX)
and operational expenditures (OPEX), required in the deployment of a hypothetical green
field urban scenario with 5, 000 users. Only those FTTH technologies capable of achieving
1 Gb/s symmetrical during a minimum of β = 20% of the time have been considered (q =
15% assumed). Oversubscription factors beyond the feeder fibre (i.e. from the OLT towards
the metro) are not considered.
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Figure 6.3: Details of TCO (CAPEX and OPEX) for FTTH options for providing 1 Gb/s
symmetrical (bandwidth values for q = 15%).
The calculus of CAPEX is based on commercial prices available from selected
undisclosed vendors, complemented with pricing information and network considerations
from [149]. Cost of equipment not commercially available yet (TWDM-PON) are derived
from market costs of similar components. The reader may find detailed costs in the Appendix
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A. Fig. 6.3 shows the resulting cost per user in such a green field deployment, relative to the
cost per user of the most expensive technology, WDM-PON in this case. The cost includes:
• Central office: cost of core cards of the OLT shelves, uplink transceivers (SFP, SFP+
or XFP), one-time software licenses, and everything necessary for in-service operation. For TWDM-PON, the cost of the WDM mux is also included here.
• OLT: cost of OLT line cards for each technology. OLT line cards are equipped with
16 ports for GPON, 4 ports for XG-PON/TWDM-PON and 1 port for WDM-PON.
• ONT: lowest-cost equipped with at least four Ethernet ports towards the user.
• Remote Node (RN)-Street cabinet: cost of the cabinet, splitters or AWG where appropriate, and cost of splicing the fibers. For GPON, XG-PON and TWDM-PON,
two-stage splitting architecture of Fig. 6.1 is considered, following [149]. That is, a
first fixed 1 : 8 split-stage is considered, followed by a second variable split stage
(1 : 1, 1 : 2, 1 : 4 and 1 : 8). In the case of WDM-PON, a 1 : 32 AWG is assumed.
• Feeder and distribution segment: cost of digging and preparing the trench, manholes, and finer deployment in each segment. Following [149], the length of the feeder
segment in an urban area is assumed of 850 m, whereas the length of the distribution
segment is 80 m. Cost of digging and preparing the trench for urban area has been
assumed USD 120/m.
• In-house segment: cost of ODF, patch cable, and fiber access terminal in the basement.
Concerning OPEX, only first year costs are considered, including (i) system support and
(ii) energy consumption, as a mark-up of the active (4%) and the passive (1%) infrastructure [149]. Since they are considered as a percentage, OPEX costs are uniformly distributed
over the CAPEX costs. System support considers the technical and maintenance support
required for the installed equipment. Energy consumption represents the yearly cost of energy (in Watts) consumed by the equipments. A study on potential energy savings for PON
networks can be found in [43] [165] [164].
As expected, the largest part of the CAPEX lays in the physical infrastructure [140]
(in-house segment, distribution segment, street cabinet, feeder segment and central office),
which represents between 50% and 80% of the total investment. All technologies under consideration are deployed with a single fiber in the feeder segment, and a single fiber between
the remote node and the ONT. Thus, the main difference in terms of TCO corresponds to the
central office, OLT, remote node (splitter vs AWG) and ONT.
Other observations include:
• The shared cost of the OLT should decrease as the split ratio increases. However, in
all TDM-PON and hybrid options, the TCO for 1 : 16 is slightly more expensive than
in the 1 : 8 case. This arises as a penalty for choosing a fixed 1 : 8 first stage, which
causes that extra 1 : 2, 1 : 4 and 1 : 8 splitters have to be dimensioned for higher split
ratios.
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• ONTs are cheaper in GPON, due to electronics managing less bandwidth, XG-PON
ONTs becomes next, followed by TWDM-PON and WDM-PON.
• GPON is the cheapest technology with 1:8 split ratio, and is capable of providing
1 Gb/s during a large portion of time. However, GPON does not scale up when q
increases (see Table 6.1).
• The cost per user of XG-PON 1 : 8 and 1 : 16 is very similar to TWDM-PON 1 :
32 and 1 : 64 respectively, and also provide very similar performance. This is a
consequence of the fact that TWDM-PON stacks four XG-PONs.
• TWDM-PON with 1 : 8 and 1 : 16 split ratios provide 1 Gb/s nearly 100% of the time
when q = 15% with a substantial cost reduction with respect to WDM-PON which is
the most expensive flavour. However, it is worth remarking that WDM-PON provides
1 Gb/s guaranteed 100% of the time regardless of the user activity q.
• The high-cost value of WDM-PON is mainly due to the electronics at the OLT (one
laser per user is required) and the lower shelf density (256 users per shelf). The costs
of OLT and central office dominate in this technology.

6.4

Summary and conclusions

This chapter has compared four different flavours of fiber access protocols capable of
offering 1 Gb/s symmetrical services for residential users. In particular, GPON, XG-PON,
WDM-PON and the emerging TWDM-PON technologies with different split ratios have
been analyzed for a greenfield deployment of 5,000 users in a typical urban area. Market prices of either available commercial equipment (GPON, XG-PON and WDM-PON) or
prototypes (TWDM-PON) have been used.
The results show that GPON 1 : 8 and 1 : 16, XG-PON 1 : 8 and 1 : 16, TWDMPON and WDM-PON are good candidates to enable 1 Gb/s symmetrical services for
residential users both in terms of cost and performance for the Next-Generation Optical
Access. However, as the user activity pattern increases, both GPON and XG-PON will
become insufficient. Only TWDM-PON and WDM-PON can guarantee 1 Gb/s at high levels
of user activity (for the fraction of time typically used in design today, in the case of TWDMPON).
Other services than residential, namely business services or wireless backhaul, which
require higher bandwidth, lower latency and physical separation of traffic (for security purposes) than residential scenarios may require the use of dedicated point-to-point connectivity with absolute bandwidth guarantees, in other words, WDM-PON. In light of this,
WDM-PONs with bandwidth provisioning beyond 1 Gb/s have been proposed [126], some
supporting up to 10 Gb/s.

Chapter 7

Network Planning of NG-PON to
Provide 1 Gb/s Symmetrical Services
This chapter aims at evaluating standard and emerging Next-Generation PON technologies [10], both in terms of deployment cost and ability to provide symmetrical 1 Gb/s capacity with oversubscription, and shows its applicability in a brownfield scenario. Selected
split ratios for the different technologies are shown as the only feasible solution to satisfy
the minimum service level agreements required for two different profiles: residential and
business users.
Furthermore, we implement a Mixed Integer Linear Programming (MILP) [26] [114]
model extending to optimize the cost of fiber deployments, after selecting those technologies
and configurations that can actually provide 1 Gb/s symmetrical services to both residential
and business users, each having a different set of requirements. Results show that, although
TWDM-PON is the most economical solution when the number of business subscribers is
not dominant, WDM-PON is the most convenient alternative for high business subscribers
ratios on the PON.
The rest of this chapter is organized as follows: Section 7.1 provides an architecture
of PON networks that can support 1 Gb/s symmetrical services for residential and business
customers. Section 7.2 reviews basic methodology used in capacity planning with oversubscription, as often used by network operators. Section 7.3 develops the optimization framework and model that selects the lowest-cost geographical network deployment. Section 7.4
applies the optimization model and develops a cost-minimized comparison, amongst the different technologies for residential and business services. Finally, section 7.5 concludes this
chapter with a summary of its main results.

7.1

Architectures to provide 1 Gbit/s symmetrical services to residential and business users

As discussed in previous chapters, TDM-PON technology (GPON [68], XG-PON [70])
uses a shared point-to-multipoint approach with one or two wavelengths in the downstream
direction, and one wavelength in the upstream (from users to Central Office). GPON offers
2.5G/1.25G, while XG-PON offers 10G/2.5G in the down and upstream directions respec75
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Figure 7.1: Architectures to Provide 1 Gbit/s Symmetrical Services to Residential and Business Users

tively. TWDM-PON [74] takes one step forward with respect to XG-PON, increasing the
aggregate PON rate by stacking multiple XG-PONs on different pairs of wavelengths, which
yields an aggregate Nx10 Gb/s downstream and Nx2.5 Gb/s upstream [97]. Finally, with
AWG-based WDM-PON [61], dedicated wavelengths are directed to the ONTs from the
central office via a passive wavelength router (AWG) located in the outside plant. Relevant
research works [30] [46] [124] explain additional details about all those technologies.
Fig. 7.1 shows the topologies under consideration in this chapter. The reader should
note the differences with Fig. 6.1 in previous chapter, mainly on the single-stage split and
the mix of residential and business users. For reasons explained in next sections, related
to oversubscription-based capacity planning, not all split ratios are suitable to comply with
service levels of residential and business subscribers:

GPON
This topology considers GPON between 1 : 1 and 1 : 16 split ratios for residential and
business subscribers. The split ratio is limited to such values as explained later in the chapter.
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XG-PON
This topology considers XG-PON between 1 : 2 and 1 : 16 split for residential and
business subscribers. 1 : 1 split is not considered in order to not under-utilize the 2.5G
uplink (limiting factor).
TWDM-PON
This topology considers TWDM-PON with 4x10 Gb/s downstream and 4x2.5 Gb/s upstream aggregated capacity. Split ratios range between 1 : 8 and 1 : 64 split for residential
and business subscribers. Lower split ratios are not used in order to not under-utilize the
upstream capacity.
WDM-PON
This topology considers WDM-PON for both residential and business subscribers, with
1 : 32 AWG.
Next sections study the suitability of GPON, XG-PON, AWG-based WDM-PON and
TWDM-PON to provide 1 Gb/s symmetrical services to residential and business customers,
and develops an optimization framework to calculate the optimal cost for each scenario in a
given geographical area.

7.2
7.2.1

Capacity planning and oversubscription
Overview of oversubscription calculus

This subsection will make an overview of oversubscription calculus that will be used in
the rest of the chapter. The reader may find a similar analysis in chapters 5 and 6, however,
we will explain the methodology again using the same nomenclature that later on will be
used in the optimiziation framework. As such, let rtot refer to the maximum number of
users physically attached to the same PON branch; here rtot can take only a small set of
discrete values, namely rtot ∈ {1, 2, 4, 8, 16, 32, 64}. This range of rtot only applies to
GPON, XG-PON and TWDM-PON technologies since for WDM-PON deployments, we
consider rtot = 32 fixed (see Fig. 7.1).
Next, let ract refer to the random variable that considers the number of active users at a
given random time. Clearly, 0 ≤ ract ≤ rtot . For simplicity, we consider users’ activity as
independent and identically distributed Bernouilli random variables, i.e. they are active with
probability q or idle with probability 1 − q.
As shown in section 5.2, ract follows a Binomial distribution characterized by two parameters, i.e. ract ∼ B(rtot , q). Its Probability Density Function (PDF) is:
P (ract

 
rtot k
= k) =
q (1 − q)rtot −k ,
k

k = 0, 1, . . . , rtot

(7.1)

Many measurement studies have reported that the empirically observed value of q is very
small.
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Concerning capacity in terms of transmission rate made available to the user (we shall
use the colloquial term Bandwidth), let us define Bpeak as the maximum rate allowed
per user (in the following Bpeak = 1 Gb/s), and let B denote the random variable that
characterises the rate observed per individual user in the PON branch. Clearly, the bandwidth
B observed by the users depends on how many users are active at a particular time from the
total; in other words:


CU L
B(ract ) = min
, Bpeak
(7.2)
ract
where B may never exceed the value of Bpeak . Here, CU L is the upstream capacity of each
NG-PON technology (see Table 2.2). It is worth noting that the upstream bandwidth is the
limiting resource to provide 1 Gb/s symmetrical service since the downlink bandwidth CDL
is typically greater than this.
Eq. 7.2 states that the total upstream bandwidth CU L Gb/s is equally shared among the
number of active users in the PON. Furthermore, B is a discrete random variable which
depends on the number of active users: the smaller the value of ract the larger bandwidth
rate experienced per user, limited by Bpeak . On the contrary, when all users are active
UL
(ract = rtot ), all users are guaranteed at least a minimum rate of Crtot
.
The random variables B and ract are related as follows:


CU L
= P (ract ≤ k), with ract ∼ B(rtot , q)
(7.3)
P B≥
k
meaning that users receive more than CU L /k bandwidth only when the number of active
users is below k.
As stated in previous chapters, it is very unlikely to have many active users when q is
sufficiently small, so network designers use the term oversubscription ratio (o) to refer to the
maximum carried traffic divided by the worst-case maximum bandwidth capacity demanded
by all users (refer to section 6.2 for formulas).
The following two metrics are of particular interest in the design of an access network
under the oversubscription model:
• The average bandwidth observed per user for a given total number of users rtot and
activity q
• The percentage of time (in what follows, β) whereby Bpeak = 1 Gb/s is granted to a
given user.
The average bandwidth perceived by the users must take into account the number of
active users along with their probabilities, namely:
E(B) =

rtot
X

B(k)P (ract = k)

(7.4)

k=0

Concerning the value of β, i.e. the probability that a given user is provided Bpeak , it is
(max)
worth noting that Bpeak is guaranteed when no more than ract users are active, namely:
(max)

ract

=

jC
k
UL
Bpeak

(7.5)
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(max)

Thus, β equals to the probability that no more than ract
in other words:
(max)

β = P (ract ≤ ract
j
k
CU L
Bpeak

=

X
k=0

users are simultaneously active,

)

 
rtot k
q (1 − q)rtot −k
k

(7.6)

Finally, Eqs. 7.4 and 7.6 provide a means to compute the average bandwidth and percentage of time whereby Bpeak is provided to users as a function of rtot and q. However, in
network planning, we start from a requirement of β, an observed value of q and the goal is to
find the maximum number of users allowed per PON branch rtot such that Bpeak is provided
during at least β percent of the time. In other words, this comprises:
(max)

Find rtot such that P (ract ≤ ract

)≥β

(7.7)

The reader may find a numerical example in chapter 6 showing numbers of E(B) and β
for a given set of parameters rtot and q.

7.2.2

Business and residential users in the same PON

This chapter is about providing an optimization framework for dimensioning PON networks with two different types of users, namely, (1) residential users that show low values
of q and demand 1 Gb/s only for a low value of β, and (2) business users that show large
values of q and require 1 Gb/s during 100% of the time. The reader may find a similar
analysis in section 5.2 that will be adapted for this chapter.
Therefore, we shall consider qb = 0.5 for business and a strict requirement of 1 Gb/s
available during βb = 100% of the time, whereas residential users show qr = 0.15 and
only require 1 Gb/s during βr = 20% of the time. This service differentiation in terms
of β rather than in terms of bandwidth requires a specific configuration of the dynamic
bandwidth allocation algorithm running at the OLT. It is worth remarking that the ITU-T
standards allow to define Fixed, Assured, Non-assured and Best-Effort bandwidth, therefore
business users would be guaranteed Bpeak whenever they needed (only 50% of the time)
thanks to the Assured bandwidth service, whereas the residential users would be provided
Non-assured guarantees.
Now, concerning GPON, there can be 0 or 1 business users (rb in what follows) at most,
since two business users would not be guaranteed 1 Gb/s each during 100% of the time. On
the other hand, in the case of XG-PON (2.5 Gb/s uplink), at most two business users are
possible in a PON since it would not be possible to guarantee 1 Gb/s to three users during
(max)
100% of the time. Thus, the maximum number of premium users rb
is limited to:
(max)

rb

=

jC
k
UL
Bpeak

(7.8)
(max)

Next, the goal is to find the largest value of residential users rb
for sharing the
remaining capacity not used by business users, while at the same time they are provided

80 Chapter 7. Network Planning of NG-PON to Provide 1 Gb/s Symmetrical Services
1 Gb/s during a minimum percentage of time βr . In other words, it is necessary to compute
(max)
each combination of business xb (0 ≤ xb ≤ rb
) and residential xr (0 ≤ xr ≤ rtot −
rb ) users in a PON tree and check whether or not the βr is guaranteed for such number
of residential users. Table 7.1 shows the values of average bandwidth perceived by the
residential users E(Br ) and percentage of time where 1 Gb/s is provided to them βr for
every possible combination.

E(Br ), βr
GPON 1:1
GPON 1:2
GPON 1:4
GPON 1:8
GPON 1:16
GPON 1:32
XG-PON 1:2
XG-PON 1:4
XG-PON 1:8
XG-PON 1:16
XG-PON 1:32

0
1000 Mb/s, 100%
991 Mb/s, 98%
956 Mb/s, 89%
847 Mb/s, 66%
612 Mb/s, 28%
323 Mb/s, 4%
1000 Mb/s, 100%
997 Mb/s, 99%
978 Mb/s, 89%
870 Mb/s, 56%
589 Mb/s, 12%

xb
1
943 Mb/s, 94%
840 Mb/s, 78%
664 Mb/s, 52%
424 Mb/s, 20%
204 Mb/s, 2%
1000 Mb/s, 100%
991 Mb/s, 97%
947 Mb/s, 82%
795 Mb/s, 46%
499 Mb/s, 9%

2
961 Mb/s, 92%
871 Mb/s, 72%
678 Mb/s, 37%
395 Mb/s, 6%

Table 7.1: Bandwidth comparison for different business/residential configurations in GPON,
XG-PON and TWDM-PON.
As shown in the table, GPON allows split ratios up to 1 : 16 with 0 or 1 business user. In
the case of xb = 0 business users, those residential users who are active share the 1.25 Gb/s
upstream capacity, while in the case of xb = 1 business user, the active residential users
share 1.25 Gb/s when the business user is inactive (50% of the time) and only 0.25 Gb/s
when the business user is active (the other 50% of the time).
In the case of XG-PON, the topology allows at most 2 business users. Active residential
users share the bandwidth unused by business users, showing split ratios up to 1 : 16 where
βr is guaranteed. It is worth remarking that TWDM-PON comprises a stacking of four XGPON, hence the values of XG-PON 1:x are also the same as the values of TWDM-PON 1:4x
(i.e. XG-PON 1 : 8 shows the same E(Br ) and βr as TWDM-PON 1 : 32).

7.3

Optimized network deployment on a geographical area

This subsection develops an optimization framework [18] [122] based on Mixed Integer
Linear Programming (MILP), which will drive the cost-optimized deployment for the set
of technologies under consideration. We take as a starting point the notation and model
of [131] and make it evolve to take into account that PON branches contain both residential
and business users with different statistical guarantees for 1 Gb/s. We shall use the settings
obtained from the analysis in the previous section but the methodology is applicable to other
combinations of business and residential subscribers.
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Network parameters

This subsection details parameters and sets used in the optimization model.
Let C denote locations where central offices are placed, M set of FAPs (Fiber Access
Points) where splitters/AWG are placed, and O set of ONT where business or residential
ONT are placed. The locations of COs, FAPs and ONTs are used to calculate the cost of
connecting a ONT with a splitter/AWG and a splitter/AWG with a CO. Each of the COs,
FAPs,and ONTs are assigned a unique identifier.
Next, let lc,m denote the distance from the cth CO to the mth FAP, and lm,o denotes the
distance from the mth FAP to the oth ONT. Other parameters and sets are the following:
• nu : Number of residential ONT locations
• nb : Number of business ONT locations
• nv : Number of FAP locations, that can host splitters or AWGs
• nw : Number of CO locations
• np : Number of PONs per line card
• r: Split ratio
• lmax : Maximum trasmission distance
• C: set of CO locations, where |C| = nw
• M: set of FAP locations, where |M | = nw
• O: set of residential ONT locations, where |O| = nu
• B: set of business ONT locations, where |B| = nb

7.3.2

Variables

The binary and integer decision variables used in the optimization framework are listed
below:
• fc,m is a binary variable; 1 if the cth CO is connected to a splitter at the mth FAP; 0
otherwise
• f¯c,m is an integer variable: the number of connections between the cth CO and the
mth FAP
• dm,o is a binary variable, 1 if a residential user at the mth FAP is connected to the oth
residential ONU; 0 otherwise
• em,b is a binary variable, 1 if a business user at the mth FAP is connected to the bth
business ONU; 0 otherwise
• sm is a binary variable; 1 if at least one splitter is placed at the mth FAP; 0 otherwise
• s̄m is an integer variable: the number of splitters installed at the mth FAP location
• x̄c is an integer variable: the number of line cards in the cth CO location
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7.3.3

Cost components

The total deployment cost of a PON network is based on a number of individual components (table 7.2) which are added up: cost of fibers, equipment, splitters and labour cost. The
reader may find absolute values in USD in Appendix A. We assume a brownfield deployment
scenario for network design, where operators have already COs, FAPs and ducts deployed
for telephony/ADSL and wish to take advantage of those facilities to deploy FTTH/FTTB
equipment and fiber.
Costs
Fiber
Equipment

Splitters
Labor

Notation
ηd
ηf
ηo
ηb
ηch
ηolt
ηe
ηk
ηs
ηa
ηl
ηi
ηlc

Description
Cost of distribution fiber (unit length)
Cost of feeder fiber (unit length)
Cost of residential ONT
Cost of business ONT
Cost of OLT chassis and common equipment
Cost of OLT line card
Cost of Ethernet port usage
Fixed cost per fiber connection at the CO
Cost of first splitter
Cost of an additional splitter
Splitter installation cost
Cost per splice
CO equipment installation cost

Table 7.2: Parameters for cost components
In this model, the cost of fiber depends on the type and length of fibers used in the
distribution and feeder sections. Accordingly, the cost per length unit of distribution fiber is
denoted by ηd and the cost per length unit of feeder fiber by ηf . For the sake of simplicity,
these figures include the cost of deployment of fiber through the ducts in these figures (they
could also include the cost of trenching if the ducts from CO to FAPs do not exist in the
scenario under study).
The cost of equipment includes ONT (residential or business), OLT, Ethernet switches
and common equipment for the chassis. Each OLT consists of a chassis, common equipment
and line cards. The number of line cards depends on the amount of PONs connected to the
CO. Let np be the maximum number of PONs that can be supported by a line card. Business
and residential traffic are installed on the same line port and served with a different QoS.
Let ηch be the cost of an OLT chassis together with common equipment required for an OLT
such as network cards, and let ηolt be the cost of a line card. Moreover, Ethernet switches
are used to connect fibers from the access network to the metro network. Let ηe be the cost
of using a port in an Ethernet switch to connect a single fiber from the access side of the
network to the metro network.
There is also a fixed cost associated with terminating each feeder fiber at the CO. As
shown in Fig. 7.1, fiber distribution panels are required to make the connections from the
outside plant fiber (feeder) to fiber jumpers that traverse the CO and terminate at the OLT
shelf. We denote this fixed cost associated with one fiber connection at the CO by ηk .
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ONT costs are different for residential and business customers, and also depend on the PON
technology. Let ηo be the cost of a residential ONT and ηb of a business ONT.
The cost of splitters depends on the number of splits it supports and the type of enclosure
in which it is installed. Therefore, the equipment-related cost involved in deploying splitters
in the FAPs depends on how many enclosures and how many splitters are installed at these
selected FAPs. The cost of an enclosure together with the first splitter is denoted by ηs and
the cost of each additional splitter installed in this enclosure by ηa . The values of ηs and ηa
vary depending on the splitting ratios.
Finally, in terms of labor costs, splitter installations account for the bulk of the labor
costs, since fiber deployment cost is accounted in the cost of fiber, as previously described.
The labor costs associated with the splitter consist of a fixed cost to send personnel to the FAP
location and to install the splitter(s) and enclosure, denoted by ηl , and the cost associated
with splicing, which depends on the number of splices. The cost per splice is denoted by
ηi . In addition, we also consider the labor costs associated with the work performed at the
CO, denoted by ηlc . Table 7.2 summarises all cost parameters. The reader may find values
in US$ in table A.5 in the appendix of this thesis.

7.3.4

Objective function and constraints

The objective is to find the technology with minimum total deployment cost [129] [132]
that guarantees the respective statistical service levels planned for residential and business
customers by means of oversubscription as described in the previous sections. To this end,
we define the following objective function for the optimization problem as follows:
min ηf

X X

f
lc,m
f¯c,m

c∈C m∈M

+ηd

X X

d
lm,o
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X
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X
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m∈M
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m∈M

s m ηs +

X

(s̄m − sm )ηa

m∈M

+nu ηo + ne ηb + nw ηlc
+

X
m∈M

sm ηl + (nu + ne +

X

s̄m )ηi

(7.9)

m∈M

Description of the different terms involved in eq. 7.9 can be found in Table 7.3. The
optimization problem must also include some constraints in order to ensure that the resulting
network design satisfies realistic network requirements, such as ensuring that each splitter
is connected to only one ONT, or that fiber length does not exceed the maximum PON
transmission distance. Those constraints are the following:
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Description

Subsection 7.4.3

Total cost of feeder fiber
Total cost of distribution fiber, residential and business
Total cost of feeder fiber connectivity at CO
Cost of first splitter
Cost for additional splitter
Installation cost of splitters at selected FAPs
Total residential and business splicing cost
Total cost of residential ONTs
Total cost of business ONTs
Total cost of OLT line cards
Total cost of OLT chasis
Labour cost at CO

Feeder fiber
Distribution fiber
Passive
Passive
Passive
Passive
Passive
Residential ONT
Business ONT
Common active
Common active
Common active

Table 7.3: Terms for optimization model
Constraint on the feeder fiber connectivity
Each splitter must be connected to only one PON port. This constraint also ensures that
feeder fiber connections from the COs are only established with FAPs with splitters installed:
X

f¯c,m = s̄m ,

∀m ∈ M

(7.10)

c∈C

Constraints on the distribution fiber connectivity
Eqs. 7.11 and 7.12 reflect that each business and residential ONTs are always connected
to only one FAP. Eqs. 7.13 and 7.14 ensure that the FAP to which each residential or business
ONT is connected, respectively, has at least one splitter:
X

dm,o = 1,

∀o ∈ O

(7.11)

em,b = 1,

∀b ∈ B

(7.12)

m∈M

X
m∈M

dm,o ≤ sm ,

∀m ∈ M,

∀o ∈ O

(7.13)

em,b ≤ sm ,

∀m ∈ M,

∀b ∈ B

(7.14)

Nonlinear relationship between fc,m and f¯c,m
fc,m is a binary variable which indicates that there is a connection between the cth CO
and the mth FAP, while f¯c,m is an integer with the number of connections. Relationship
between them are fc,m = min{1, f¯c,m }. Eq. 7.15 sets the binary fc,m to zero if f¯c,m is zero,
and Eq. 7.16 sets the binary fc,m to one when the corresponding integer is non zero:
f¯c,m ≥ fc,m ,

∀c ∈ C,

f¯c,m /(nu + nb ) ≤ fc,m ,

∀m ∈ M

∀c ∈ C,

∀m ∈ M

(7.15)
(7.16)
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Constraints on the split ratio and business subscribers in the PON
This constraint affects to the amount of ONTs that can be connected in a PON tree.
For example, an XG-PON tree with 1 : 16 split can support up to a maximum of 16 ONT.
Eq. 7.17 indicates the number of maximum residential and business ONTs per tree, while
equation 7.18 shows, on a per tree basis, the maximum number of business ONTs (rb ) since
they are most restrictive in terms of bandwidth consumption:
X
X
dm,o +
em,b ≤ rs̄m , ∀m ∈ M
(7.17)
o∈O

b∈B

X

em,b ≤ rb s̄m ,

∀m ∈ M

(7.18)

b∈B

Constraints on the span of the PON
The power budget of the span of the PON, which depends on the split ratio, determines
the maximum distance, lmax , between the CO and the ONT. For example, a typical GPON
budget with a 1 : 32 splitter corresponds to around 20 km. Since residential and business
ONTs can be connected through different split ratios, there are two equations, eq. 7.19 and
7.20, to cover this constraint for residencial and business ONT:
f
d
lc,m
fc,m + lm,o
dm,o ≤ lmax ,

∀c ∈ C,

∀m ∈ M,

∀o ∈ O

(7.19)

f
d
em,b ≤ lmax ,
lc,m
fc,m + lm,b

∀c ∈ C,

∀m ∈ M,

∀b ∈ B

(7.20)

Nonlinear relationship between sm and s̄m
Similar to eqs. 7.15 and 7.16 above, it is required to set the relationships between sm
(binary variable set to one or zero if there is one or no splitter, respectively, at the mth FAP
location), and s̄m (integer variable that indicate number of splitters at the mth FAP location).
Relationships between them are the following: sm = min{1, s̄m }, which are represented
by the following restrictions:
s̄m ≥ sm , ∀m ∈ M
(7.21)
s̄m /(nu + nb ) ≤ sm ,

∀m ∈ M

(7.22)

Constraints on the number of PONs per line card
The relationship between the required number of line cards for the cth CO location and
th
the number of residential and business PON trees connected
P at the¯ c CO location, repre¯
sented by fc,m and ḡc,m and is the following: x̄c = d( m∈M (fc,m + ḡc,m )/np )e. This
nonlinear relationship is represented by the following constraints:
 X

¯
x̄c ≥
fc,m /np , ∀c ∈ C
(7.23)
m∈M
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x̄c <

 X

f¯c,m /np


∀c ∈ C

+ 1,

(7.24)

m∈M

Bounds on decision variables
Mandatory bounds for binary and integer variables for the ILP simulation.
s̄m ≥ 0,
f¯c,m ≥ 0,

∀m ∈ M

∀c ∈ C,

x̄c ≥ 0,

∀c ∈ C

fc,m ∈ {0, 1},

∀c ∈ C,

dm,o ∈ {0, 1},

∀m ∈ M,

∀o ∈ O

em,b ∈ {0, 1},

∀m ∈ M,

∀b ∈ B

sm ∈ {0, 1},

7.4

∀m ∈ M

∀m ∈ M

∀m ∈ M

Model evaluation

Figure 7.2: Cost-optimal solution for TWDM-PON 1 : 64 (67 residential and 8 business
ONT)

7.4.1

Dataset

The network topology used for evaluation comprises a real deployment in Rio de Janeiro
(Brazil). Network parameters are discussed in subsection 7.3.1. The network comprises one
Central Office location (nw , represented by a blue star in figure), five Fiber Access Points
locations (nv , represented by red squares) and 75 Optical Network Terminal (ONT), some of
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which are residential (nu ) and the rest are business (nb ) subscribers. FAPs may contain one
or more residential/business splitters or AWG. The placement of the different components is
chosen according to the network planning of a major undisclosed service provider.
The maximum distance (lmax ) between CO and ONT is set to 20 km, while the split
ratio (r) and number of PONs per line card (np ) are dependant on the technology under
evaluation. For example, the number of PONs per line card for GPON is 16, while this
number for XG-PON and TWDM-PON is 4, and the same number for WDM-PON is 1.
All technologies under consideration are deployed with a single fiber between the CO
and the FAP, and a single fiber between the remote node (splitter or AWG) and the ONT.
Thus, the main difference in terms of price does not correspond to fiber, but to the central office, remote node and ONT prices. The other costs, like fiber, labour or equipment costs, are
described in subsection 7.3.3 and are also inputs for the optimization model. Market prices
of either available commercial equipment (GPON, XG-PON and WDM-PON) or prototypes
(TWDM-PON) have been extracted from different sources [146] [149].
Only those FTTH technologies capable of achieving the required service levels for residential and business subscribers have been considered. It is worth remarking that in our
target scenario residential subscribers demand 1 Gb/s during a minimum of βr = 20% of
the time (qr = 15% assumed), while business users require βb = 100% and qb = 50%.
Therefore, only some split ratios according to the capacity planning requirements are selected. For example, GPON 1 : 8 is selected because it can provide 1 Gb/s to residential
users during at least 65% of the time (greater than βr =20%) but XG-PON 1 : 32 will not be
considered since it does not meet the β-requirement (Table 7.1). In this light, the following
split configurations have been analyzed: GPON between 1 : 1 and 1 : 8, XG-PON between
1 : 2 and 1 : 16, TWDM-PON between 1 : 8 and 1 : 64 and WDM-PON 1 : 32. Oversubscription factors beyond the feeder fibre (i.e. from the OLT towards the metro) are not
considered.

7.4.2

Optimal solution

We have used the lpSolve library [98] and Mixed Integer Linear Programming (MILP)
to solve our optimization model. Although MILP computation can take substancially longer
times than heuristic algorithms, it provides exact solutions to the optimization problem and
takes acceptable times if the network size is small, as it is our Rio de Janeiro case (1 CO,
5 FAP and 75 ONT). However, it is necessary to point out that a cost-optimal solution with
thousands of ONTs will likely require a heuristic approach or partitioning the problem into
geographical areas.
In all datasets under consideration, we have used a single CO covering the FTTH deployment in Rio de Janeiro (Brazil). All datasets consists of the same network topology in
terms of number and location of FAP and ONT. Fiber routes follow the existing streets in
the city.
For each dataset, we consider one of the four PON technologies and apply the right
constraints, selecting the right split ratio (r) that supports 1 Gb/s during 20% of time for
residential users and 100% for business users, and also maximum number of business users
per tree (rb ). The remaining parameters, namely fiber costs, labour costs or fixed costs
associated with equipment are selected for each technology as appropriate.
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After execution of the optimization algorithm, results include the total cost associated
to the cost-optimal network deployment; FAP locations where the splitters or AWG can be
installed; number of line cards at the CO location (in our case, there is a single CO); as well
as connectivity between CO and FAPs and between FAPs and ONTs.
Fig. 7.2 shows a map with the optimization results and connectivity topology between the
CO and the FAPs for the TWDM-PON 1 : 64 scenario under the assumption of 67 residential
ONTs and 8 business ONTs (i.e. approximately 10% business users), which resulted to be
the cheapest technological solution for this percentage of business users (Fig. 7.5). Fiber
route distances have been calculated using Google Maps API and the distance matrix service,
which returns street routes. For simplicity and clarity, only logical connectivity (not street
routes) between FAPs and some ONTs is shown.

7.4.3

Economic analysis

Figure 7.3: Normalized total optimal cost. All technologies

Figure 7.4: Details for active and passive components. All technologies
In this subsection, we analyze the capital expenditure (CAPEX) for all technologies as
well as the contribution of the different components to the cost-optimized model. Fig. 7.3
shows the total deployment cost relative to the most expensive technology, according to the
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(a) 8 business and 67 residential ONT (∼10%)

(b) 46 business and 29 residential ONT (∼60%)

Figure 7.5: Normalized total optimal cost for the deployment
percentage of business users among the total (from 0% to 100%). Fig. 7.4 removes the
ODN-related costs in order to show only the active and passive elements.
Fig. 7.5 and Fig. 7.6 show the particular cases when 10% (left figures) and 60% (right
figures) of subscribers are business. The case with ∼10% business subscribers considers
8 business and 67 residential ONTs in the scenario, while the ∼60% business-users case
represent 46 business and 29 residential ONTs. Cost components, as described in Table 7.3,
include:
• Feeder fiber: cost of fiber and fiber deployment (digging and preparing the trench,
manholes, etc is included in this scenario). As per Fig. 7.1, for GPON, XG-PON and
TWDM-PON, feeder fiber is the fiber between the central office and power splitter;
while for WDM-PON, the feeder represents the fiber between the central office and
the AWG.
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(a) 8 business and 67 residential ONT (∼10%)

(b) 46 business and 29 residential ONT (∼60%)

Figure 7.6: Details for active and passive components
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• Distribution fiber: same as before but applied to the distribution fiber. As per Fig. 7.1,
distribution fiber is the fiber between the power splitter (GPON, XG-PON, TWDMPON) or AWG (WDM-PON) and the residential or the business ONT.
• Active and Passive: passive components, ONT and common active equipment, shown
in Fig. 7.6 as follows:
– Passive: cost of the cabinet, splitters or AWG where appropriate, patch cables,
and cost of splicing the fibers. For GPON, splits between 1 : 1 and 1 : 8 are
considered, for XG-PON between 1 : 2 and 1 : 16 and for TWDM-PON between
1 : 8 and 1 : 64. In the case of WDM-PON, a 1 : 32 AWG is assumed.
– Residential ONT: lowest-cost of commercially available units equipped with at
least four Gigabit Ethernet ports towards the user.
– Business ONT: lowest-cost of commercially available units equipped with at
least four Gigabit Ethernet ports towards the business user. Business ONT are
typically more expensive since they can provide advanced OAM functionalities,
amongst others.
– Common active: cost of core cards of the OLT shelves, including line cards
shared across residential and business subscribers, one-time software licenses,
and everything necessary for in-service operation. OLT line cards are equipped
with 16 ports for GPON, 4 ports for XG-PON/TWDM-PON and 1 port for
WDM-PON.
As expected, the largest part of the CAPEX is due to the physical infrastructure [140]
(feeder and distribution fiber). In our case, it represents more than 90% of the total investment for two reasons mainly: first, fiber distances are long: an average of 2 km for feeder,
and 1.5 km for distribution; secondly, the scenario contains a relatively small numbers of
ONTs, i.e., the scenario is not fullfilled with all potential subscribers supported by an OLT
shelf (only 75 ONTs are considered) and therefore the percentage of physical infrastructure
cost over the total value is expected to decrease as the number of users grow.
Fig. 7.3 shows that TWDM-PON is the cheapest technology for low number of business
subscribers, but as the percentage of business increases (≥∼20%), then WDM-PON results
to be the cheapest one. GPON and XG-PON with high split ratios (1 : 4, 1 : 8 and 1 : 16)
show a significant cost increase as the percentage of business users grow. Finally, GPON
(1 : 1 and 1 : 2) and XG-PON 1 : 2 show the highest cost since they are almost point-to-point
and therefore are penalized by fiber cost.
Excluding the physical infrastructure, i.e. only considering active and passive components, then GPON and TWDM-PON are the winners, as shown in Fig. 7.4. Theoretically,
across all TDM-PON technologies, GPON has the lowest cost per user, then XG-PON, and
then TWDM-PON. However, TWDM-PON gets benefits in this scenario due to higher split
ratios supported with respect to XG-PON (1 : 32 and 1 : 64), which positions it at the same
cost level as GPON. Fig. 7.4 also reveals that some technologies exhibit flat costs with respect to the number of business users; these correspond to the point-to-point technologies,
like WDM-PON and GPON 1 : 1.
Other observations include:
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• Excluding the physical infrastructure, GPON 1 : 8 is the cheapest technology, and is
capable of providing 1 Gb/s during a large portion of time. However, GPON does not
scale up (see Tables 6.1 and 7.1), and is not compliant for splits larger than 8 which
makes GPON very expensive when total cost is compared. Other technologies, like
TWDM-PON and WDM-PON, are more scalable for providing 1 Gb/s to users.
• As expected, for a similar technology (GPON, XG-PON, TWDM-PON), the cost decreases as the split ratio increases.
• ONTs are cheaper in GPON, due to electronics managing less bandwidth; XG-PON
ONTs comes next, followed by TWDM-PON and WDM-PON.
• The cost of XG-PON is more expensive than TWDM-PON, although both provides
similar performance levels. This is a consequence of the fact that TWDM-PON stacks
four XG-PONs.
• WDM-PON (Fig. 7.6) is expected to have higher electronics costs at the OLT, since
one laser per user is required and shelf density is lower (typically 256 users per shelf).
However, WDM-PON results to be cheaper due to higher split ratio than other technologies (AWG 1 : 32) and low number of ONT in the scenario (75 users).

7.4.4

Suitability of WDM-PON against TWDM-PON for business services

TWDM-PON is a cheaper solution than WDM-PON for some scenarios and can provide
1 Gb/s nearly 100% of the time for residential and business subscribers. However it gets
penalized in cost when the number of business subscribers grows, since the upstream of 2.5
Gb/s restricts the number of business subscribers supported per PON tree to two at most, as
explained previously.
On the contrary, WDM-PON provides 1 Gb/s guaranteed 100% of the time regardless of
the number of subscribers in the PON tree, and results to be the best option as the number
of business subscribers grows. Additionally, other advantages of WDM-PON is that it can
provide long reach (given the low insertion loss of AWG), advanced troubleshooting capabilities [144], the possibility to individually adapt bitrates on a per-wavelength basis, and
specially security, a remarkable feature for a business customer since users do not receive
other user’s traffic.

7.5

Summary and conclusions

This chapter has analyzed the potential of next-generation PONs in providing provide
1 Gb/s symmetrical services in a dual residential-business exploitation scenario. In particular, GPON, XG-PON, WDM-PON and the emerging TWDM-PON technologies with
different split ratios have been studied. Only those split ratios guaranteeing service level
agreements are considered, including split ratios up to 1 : 8 for GPON, 1 : 16 for XG-PON,
1 : 64 for TWDM-PON, and 1 : 32 for WDM-PON, yielding a total of fifteen different
deployments, each of them with different percentages of business subscribers between 0%
and 100%. An MILP-based optimization model based has been proposed to obtain the best
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topology configuration in the fifteen cases for a realistic deployment scenario in Rio de
Janeiro.
The results of this simulation show that, for the pricing data employed, TWDM-PON is
a cheapest solution when the rate of business subscribers is low, but as this percentage
increases over the total subscribers, WDM-PON is the winner. Cheaper technologies like
GPON or XG-PON turn out to be more expensive due to both the symmetric rate requirement
and the 100% of time bandwidth availability required for business subscribers.
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Chapter 8

Conclusions and Future Work
8.1

Summary and conclusions

This section summarises main conclusions of this thesis, as well as future lines of investigation, which are covered below in the next section.
The first contribution (chapter 3) reviewed and compared four approaches for building
metro networks, either based on MPLS, carrier-grade Ethernet or SDN. Choosing the appropriate technology for creating a network infrastructure in metro networks is not an easy
decision, since the network designer must balance scalability, resiliency, multicast performance and OAM support, amongst others. As shown, both VPLS and H-VPLS are good
solutions for small networks, but shows serious scalability problems as the network size
grows. In such a case, the hybrid H-VPLS+PBB approach solves the scalability problem
regarding the size of the forwarding tables at core nodes, however at the expense of an overhead penalty (MPLS+PBB header required). In terms of SDN, although OpenFlow was not
originally designed for metro networks, it could have some benefits in terms of simplicity.
Once it achieves a mature state, and since data plane will not differ, it can achieve similar
metrics as other technologies in terms of multicast efficiency, scalability and OAM, however
at the extra cost of a separate network supporting the control plane.
The second contribution (chapter 4) shows the applicability of some Ethernet enhancements to passive optical networks. Specifically, it is shown how OAM features of Carriergrade Ethernet (IEEE 802.1ag and ITU-T Y.1731) operate together with current state-of-theart OTDR equipment for the effectively troubleshooting of WDM-PON networks. Essentially, the Ethernet OAM allows to quickly identify either network failures or performance
degradation, while the OTDR can further investigate the exact failure location at the physical
level with a very fine resolution.
This contribution proposes an algorithm to bring together these historically-separated
two worlds, namely Ethernet OAM and physical measurements, into an integrated and effective troubleshooting tool to ease the management of WDM-PON networks. This algorithm
is capable of diagnosing different failure situations in a WDM-PON setup, including failures
in the feeder fibre, one of its branches or even after the ONT.
One of the main drawbacks of the proposed solution is related with the cost of the tunable OTDR and its associated filters required for in-service operations. Nevertheless, it is
worth noticing that OTDR equipment is shared among a number of OLT line-cards, each
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one serving up to 32 ONTs in current deployments, but may reach 128 ONTs [152] and
beyond in the near future. Hence the total cost of the integrated solution would be shared
among Nx128 ONTs, where N refers to the number of OLT line-cards per chassis, at present
ranging between 8 and 16.
Chapter 5 (third contribution) evaluates the limits of capacity planning with oversubscription in TDM-PON scenarios, taking as reference those supporting 1 Gb/s downstream
to both residential and business users. Conclusions are that GPON provides good results for
low splits (1 : 8 and 1 : 16), while XG-PON and TWDM-PON are recommended scenarios
for higher split ratios than 16.
Chapter 6 (fourth contribution) compares different flavors of next-generation fiber access protocols from a techno-economical perspective. Four protocols, including GPON,
XG-PON, TWDM-PON and WDM-PON have been analyzed for a greenfield deployment
of 5,000 users in a large urban area. Market prices of commercial or prototype equipments
(for the case of TWDM-PON) have been used. Results highly depend on the oversubscription rate. In terms of offering 1 Gb/s symmetrical services, all of them can theoricaly support it, however GPON and XG-PON may be not good enough for many service providers
to scale properly, so the decision lies between the other three. The conclusion is that, of
the four technologies analyzed, TWDM-PON is probably the best trade-off if coexistence
(brownfield deployments) with legacy protocols is required. For greenfield deployments and
scalability to higher bandwidth in the future, WDM-PON would be the best approach.
The fifth and last contribution (chapter 7) uses an MILP framework to develop a costoptimized NG-PON brownfield deployment. Brownfield deployments are more complex
than greenfield since existing resources must be considered. This deployment is targeted
at high-speed symmetrical services within a mixed environment of residential and business
services, each of them with different service level agreements. Specifically, it calculates
the optimal cost of different flavors of fiber access protocols capable of offering 1 Gb/s
symmetrical services, for a real deployment in Rio de Janeiro. In particular, GPON, XGPON, WDM-PON and the emerging TWDM-PON technologies with different split ratios
are analyzed. Only those split ratios guaranteeing service level agreements are considered,
including split ratios up to 1 : 8 for GPON, 1 : 16 for XG-PON, 1 : 64 for TWDM-PON,
and 1 : 32 for WDM-PON, yielding a total of fifteen different deployments, each of them
with different percentages of business subscribers between 0% and 100%. An MILP-based
optimization model based has been proposed to obtain the best topology configuration in
the fifteen cases for a realistic deployment scenario in Rio de Janeiro. The results of this
simulation show that, for the pricing data employed, TWDM-PON is a cheapest solution
when the rate of business subscribers is low, but as this percentage increases over the total
subscribers, WDM-PON is the winner. Cheaper technologies like GPON or XG-PON turn
out to be more expensive due to both the symmetric rate requirement and the 100% of time
bandwidth availability required for business subscribers.

8.2

Future work

Future work for the first contribution includes further research on different flavors and
metrics of SDN for metro networks [141], following the excellent analysis of SDN technologies and approaches available in [88], some interesting areas include the following:
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• OpenFlow compliance with Carrier Ethernet requirements. It is not clear yet if OpenFlow can comply with the requirements and functionalities required by Carrier Ethernet metro networks, in terms of scalability, reliability, QoS and service management.
Some studies related to SDN scalability can be found in [22] [168] [169].
• OpenFlow failover sub 50 ms research [153].
• Controller resiliency which is critical for carrier networks can also be investigated [42] [87] [160].
• Interoperability between different metro networks (inter-metro applications).
• CAPEX and OPEX analysis for centralized versus distributed control plane solutions.
Other papers covering carrier concerns when using SDN are the following: [85] [157] [163]
With respect to future work for the second contribution, again the SDN paradigm may
suit very well for a real implementation of the ITB. The research community has done a
great progress towards the standardization of a unified management plane. For example, the
Open Networking Foundation (ONF) has proposed a protocol, called OF-Config [110], that
defines a number XML schemas for device management. In this light, future work will try
to implement OF-Config as part of the ITB. An interesting research direction may also be to
use these protocols instead of CLI to configure the OLT and the OTDR.
Further lines of investigation for the third contribution could consider different user profiles and patterns, and analyze the effect of more than two profiles on the same access network, potentially with different services (best-effort Internet and IPTV [166]).
In terms of the fourth contribution, which focused on delivering 1 Gb/s symmetrical
services for residential users, may consider different scenarios, like rural areas, where it is
expected that the impact of supporting longer distances will be important, or mobile backhaul. Scalability is also a key concern: it can be interesting to analyze how CAPEX and
OPEX would evolve in case the number of users grows within the same area.
Finally, future work for the fourth contribution can consider the optimization analysis for
other geotypes (rural areas amongst them), a different combination of number of subscribers
and also additional and more demanding service level agreements, like for example wireless
backhauling or 5G [93] [128] [130].
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Appendix A

NG-PON Deployment Costs
Summary
This appendix includes the prices in USD corresponding to the NG-PON equipment
and deployment analyzed in this thesis. The following reflects market prices (not cost or list
prices) of undisclosed vendors and are the ones commercially available at the time of writing
this thesis. The reader should note that these prices are only referred to CAPEX (active and
passive, i.e. equipment and outside plant), and only consider the four technologies studied
in the thesis: GPON, XG-PON, TWDM-PON and WDM-PON.
Prices description are as follows:
• Table A.1 includes the cost of a fulfilled chassis for the four technologies under consideration. Price includes common core cards of the shelf, uplink transceivers (SFP,
SFP+ or XFP), one-time software licenses, and everything necessary for in-service
operation. For TWDM-PON, the cost of the WDM mux is included in the common
section. In terms of PON line cards, they are equipped with 16 ports for GPON, 4
ports for XG-PON/TWDM-PON and 1 port for WDM-PON.
• Table A.2 uses the previous table and calculates the cost per user (obviously the OLT
portion only) depending on the split ratio used. Split varies from 1 : 8 to 1 : 64 in
TDM-PON-based technologies, while for WDM-PON is fixed to 1 : 32 due to the
AWG considerations.
• Table A.3 includes the lowest-cost ONT for each technology with at least four Gigabit
Ethernet ports towards the user.
• Table A.4 includes passive elements for an NG-PON deployment, following the twostage splitting architecture described in chapter 6 and applied specifically for 1 : 32
split:
– Central office: cost of passive elements at the central office, like ODF, patch
cables and fiber termination.
– Remote Node (RN)-Street cabinet: cost of the cabinet, splitters or AWG where
appropriate, and cost of splicing the fibers. For GPON, XGPON and TWDMPON, two-stage splitting architecture is considered (see chapter 6). That is, a
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first fixed 1 : 8 split-stage is considered, followed by a second variable split
stage (1 : 1, 1 : 2, 1 : 4 and 1 : 8). In the case of WDM-PON, a 1 : 32 AWG is
assumed.
– Feeder and distribution segment: cost of digging and preparing the trench,
manholes, and finer deployment in each segment. Following chapter 6, the
length of the feeder segment in an urban area is assumed of 850 m, whereas
the length of the distribution segment is 80 m. Cost of digging and preparing the
trench for urban area has been assumed US$ 120/m.
– In-house segment: cost of ODF, patch cable, and fiber access terminal in the
basement.

• Table A.5 includes the cost components used in the optimization framework model
developed in chapter 7, for the case of GPON with 1 : 16 split. Other split ratios and
technologies will impact on the Equipment and Splitters section of the table, however
the Fiber and Labour section is expected to be similar.

Common
PON cards (fulfilled)
Management system
RTUs (licenses)
Breaker, others
Total (active)
Users/chassis with 1 : 32

GPON
$ 8,000.00
$ 27,000.00
$ 5,000.00
$ 2,600.00
$ 2,500.00
$ 45,100.00
8,192

XG-PON
$ 10,000.00
$ 54,000.00
$ 5,000.00
$ 2,600.00
$ 2,500.00
$ 74,100.00
2,048

TWDM-PON
$ 12,000.00
$ 63,000.00
$ 5,000.00
$ 2,600.00
$ 2,500.00
$ 85,100.00
2,048

Table A.1: Fulfilled OLT prices

1:8
1 : 16
1 : 32
1 : 64

GPON
$ 176.17
$ 44.04
$ 22.02
$ 11.01

XG-PON
$ 289.45
$ 144.73
$ 72.36
$ 36.18

TWDM-PON
$ 332.42
$ 166.21
$ 83.11
$ 41.55

WDM-PON
$ N/A
$ N/A
$ 554.66
N/A

Table A.2: Fulfilled OLT per-user price

ONT

GPON
$ 63.00

XG-PON
$ 200.00

TWDM-PON
$ 250.00

Table A.3: ONT prices

WDM-PON
$ 238.45

WDM-PON
$ 7,087.00
$ 56,635.20
$ 2,429.15
$ 2,470.00
$ 2,375.00
$ 70,996.35
256
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Central office
Feeder segment
RN-Street cabinet
Distribution segment
In-house segment
Total (passive)

GPON
$ 31.00
$ 200.56
$ 63.77
$ 497.07
$ 134.00
$ 926.40

XG-PON
$ 46.00
$ 200.56
$ 63.77
$ 497.07
$ 134.00
$ 941.40

TWDM-PON
$ 88.00
$ 200.56
$ 63.77
$ 497.07
$ 134.00
$ 983.40

WDM-PON
$ 258,50
$ 200.56
$ 88.11
$ 406.93
$ 134.00
$ 1,088.09

Table A.4: Per-user price of passive elements (1 : 32 split ratio)

Costs
Fiber
Equipment

Splitters
Labor

Notation
ηd
ηf
ηo
ηb
ηch
ηolt
ηe
ηk
ηs
ηa
ηl
ηi
ηlc

Description
Cost of distribution fiber (urban)
Cost of feeder fiber (urban)
Cost of residential GPON ONT (see A.3)
Cost of business GPON ONT
Cost of OLT chassis and common equipment
Cost of OLT line card
Cost of Ethernet port usage
Fixed cost per fiber connection at the CO
Cost of first 1 : 16 splitter
Cost of an additional 1 : 16 splitter
Splitter installation cost
Cost per splice
CO equipment installation cost

Price
100 US$/m
80 US$/m
$ 63
$ 160
$ 18,100
$ 1,687
$ 1,500
$ 1,000
$ 180
$ 100
$ 90
$ 10
$ 500

Table A.5: Prices for optimization model terms: GPON and 1 : 16 split
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Alarm Indication Signal

APON ATM-based PON
ATM Asynchronous Transfer Mode
AWG Arrayed Waveguide Grating
B-Tag Backbone VLAN Tag
B-VID Backbone VLAN ID
BGP

Border Gateway Protocol

BLS

Broadband Light Source

BPDU Bridge Protocol Data Unit
BPON Broadband PON
CAGR Compound Annual Growth Rate
CCDF Complementary Cumulative Distribution Function
CE

Customer equipment

CSMA/CD Carrier Sense Multiple Access with Collision Detection
DBA

Dynamic Bandwidth Allocation

EPON Ethernet PON
EVC

Ethernet Virtual Connections

FFT

Fast Fourier Transform

FSAN Full Service Access Network
FTTB Fibre-to-the-Building
FTTC Fiber-to-the-Cabinet
FTTH Fibre-to-the-Home
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FTTN Fiber-to-the-Node
GFP

Generic Framing Procedure

GPON Gigabit PON
GSMP Generic Switch Management Protocol
H-VPLS Hierarchical VPLS
I-SID Backbone Service Instance Identifier
I-Tag Backbone Service Instance Tag
IEEE Institute of Electrical and Electronics Engineers
IETF Internet Engineering Task Force
IGP

Interior Gateway Protocol

ILP

Integer Linear Programming

IS-IS Intermediate System to Intermediate System
ISDN Integrated Services for Digital Network
ITU-T ITU Telecommunication Standardization Sector
LAN

Local Area Network

LDP

Label Distribution Protocol

LSP

Label Switched Path

MEF

Metro Ethernet Forum

MILP Mixed Integer Linear Programming
MTU Multi-Tenant Unit
NG-PON Next-Generation PON
OCDM-PON Optical Code-Division Multiplexing PON
ODN Optical Distribution Network
OFDM-PON Orthogonal Frequency Division Multiplexing PON
ONF

Open Networking Foundation

PBB-TE Provider Backbone Bridges - Traffic Engineering
PDF

Probability Density Function

PE-rs Provider Edge - routing and bridging capable device
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PIR

Peak Information Rate

PON

Passive Optical Network

PW

Pseudo wire

RSVP-TE Resource Reservation Protocol - Traffic Engineering
SDN

Software-defined networking

SIR

Sustained Information Rate

STP

Spanning Tree Protocol

TDM-PON Time Division Multiplexing PON
TPON Telephony on a PON
TRILL Transparent Interconnection of Lots of Links
TWDM-PON Time-Shared Wavelength Division Multiplexing PON
UHD Ultra High Definition
UNI

User-Network Interface

VC

Virtual Connection

VLAN Virtual LAN
VPLS Virtual Private LAN Service
VPWS Virtual Private Wire Service
WDM-PON Wavelength Division Multiplexing PON
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