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1 Executive summary  

The objective of this study is to inform Ofcom about current and emerging technologies for fibre 
access networks and to estimate, based on observed trends, the future capacity limits of such 
networks. Please note there is a list of acronyms and a glossary provided in Annexes A and B.  

With consumer demand for high-quality, multimedia-rich services expected to increase in the next 
decade, network operators are deploying fibre networks that go all the way to premises in order to 
dramatically increase the bandwidth they can provide. It is often thought that these fibre networks 
can promise infinite capacity; however, in reality the practicalities of deployment, architectural 
choices and performance constraints of networking equipment may lead to capacity being limited.  

Whilst tests can show that fibre is capable of supporting tens of Tbit/s over a very short distance 
(e.g. a few metres), capacity is significantly lower over practical transmission distances (e.g. 
hundreds of kilometres). If taken separately, neither the capacity nor distance are meaningful as 
absolute references for the capacity capability of optical transmission systems, because achievable 
capacities are always higher over shorter distances and lower over longer distances. For this 
reason, the capacity–distance product (C×D) is a better indicator of the potential capability of 
optical transmission networks. The capacity–distance product has increased tenfold every four 
years for the past three decades due to technological innovations; this exponential increase is 
commonly referred to as Optical Moore’s Law. 

In transmission systems, four factors affect the capacity–distance product: the total useable 
spectrum in a fibre, the transmission/line rate of an optical signal, the number of simultaneous 
channels that can be transmitted and the transmission distance. These factors are enabled and 
limited in various ways, for example by amplification or multiplexing technologies. Technology 
enablers include multiplexing technologies; coding, modulation and detection technologies; and 
optical transmitter and receiver technologies. Technology barriers occur because of certain 
principles of optical signal transmission. Fibre and optical amplification technologies can be both 
an enabler and a barrier.  

Technology enablers allow current optical systems to transmit a large number of channels (over 
160) at 10Gbit/s or 40Gbit/s, and over distances exceeding 4000km using a single optical fibre 
pair. However, these enablers have been developed to address the requirements of core and 
long-haul transmission networks, which have a high level of traffic aggregation, and therefore 
benefit from significant economies of scale. The access network is significantly different, as links 
are either dedicated to a single user or shared between a small number of users. This implies that 
the technology enablers and optical components developed for long-haul transmission systems are 
not suitable for the access network, as the cost per subscriber would not be viable for operators. 
Access networks also operate over shorter distances and at a lower capacity than long-haul 
networks. Because of these shorter distances, the impact of technical barriers – attenuation, 
dispersion (including polarisation mode dispersion (PMD)), non-linear effects and noise – are 
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significantly reduced. However, when rates exceed 10Gbit/s, the main barrier that will remain in 
the access network is PMD. Note that rates exceeding 10Gbit/s will not be implemented in the 
access network for another three to five years. 

Figure 1.1 below shows the impact of four transmission characteristics (technology barriers) on 
long-haul and access networks, using a scale of 1 to 5 to indicate the extent of the impact.  
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Figure 1.1: Transmission characteristics’ impact on capacity–distance product for long-haul and 

access networks. (Note: section labels indicate where in this report the topic is discussed.) 

[Source: Analysys Mason, 2010]  

In light of the difference in effect caused by these transmission characteristics, optical access 
system vendors are developing components that take advantage of the favourable characteristics of 
the access environment (e.g. short distances and relatively low bandwidth requirements) to try to 
reduce the cost per subscriber. For example, reduced accumulated dispersion in the access network 
means that light sources (lasers) with a broader spectrum range could be used (e.g. Fabry Perot 
lasers), which are significantly cheaper than narrow spectrum lasers (e.g. DFB lasers). The 
advantage of Fabry Perot lasers is that they are also less sensitive to temperature changes which, in 
a customer premises environment, is a significant advantage.   
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Another significant enabler has been the improvement in fibre technology in the last four years. 
The removal of OH- ions from fibre has been possible due to better manufacturing processes. The 
removal of these ions means that a significantly larger spectrum can now be used, as the ions 
absorb particular wavelengths and hence reduce performance (by increasing attenuation). This 
fibre is known as ITU G.652.D and is particularly attractive for coarse WDM (CWDM) 
technology, which enables the transmission of up to 16 wavelengths over a single fibre pair and 
which uses the spectrum previously affected by OH ions. Today, G.652.D fibre is the default 
provided by fibre manufacturers for metro and access applications. 

In the access network, the real challenge has moved to the customer premise which can present a 
demanding operating environment, where temperature is subject to variation and which does not 
provide an optimum environment to deploy fibre; temperature variation significantly affects 
operating wavelength of lasers which represent a significant problem in DWDM systems, while 
the building and home environment are not designed to support installation of fibre, where, for 
instance, excessive bending can significantly degrade the fibre performances. 

Technologies that improve the installation and operation of fibre access networks are also being 
developed. For example, in the last three years, fibre manufacturers have tried to produce fibre that 
is more flexible (i.e. will accept much smaller bend radii), and therefore highly suitable for 
installing inside buildings (i.e. fibre-to-the-home – FTTH). Optical equipment vendors are also 
focusing on ‘plug-and-play’ technologies that significantly reduce the commissioning time of 
customer premises equipment (e.g. colourless wavelength locking technologies in WDM PON 
systems).  

It is also important to note that according to a number of fibre vendors and operators interviewed 
for this report, silica-based fibre will dominate the landscape for another 20 to 25 years, and will 
continue to be deployed until then. 

The three main technologies currently available for the fibre access network are:  

• time division multiplexing passive optical networks (TDM PON) 
• wavelength division multiplexing passive optical networks (WDM PON). 
• point-to-point Ethernet (PTP Ethernet). 

TDM PON offers shared bandwidth between up to 64 users over a shared tree architecture and 
comprises Gigabit PON (GPON) and Ethernet PON (EPON) technologies. PTP Ethernet offers 
dedicated bandwidth over a dedicated fibre for each user. WDM PON provides the best of both 
worlds as it provides dedicated bandwidth to each user (through the allocation of a single 
wavelength) over a shared PON architecture.  

Each FTTH technology has both advantages and disadvantages. The decision to choose a 
particular technology very much depends upon market conditions, existing infrastructure network, 
reach, and the type of service being provided (symmetrical or asymmetrical). Each FTTH 
technology has an upgrade path to support higher capacity for the next five years. However, the 
fact that TDM GPON solutions require customer premises equipment to operate at a much higher 
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bandwidth than that required for each individual customer, may limit how far it can be upgraded in 
the medium to long term, especially as the customer premises environment can be challenging. For 
example the temperature at the customer premises can fluctuate, whereas premises designed to 
host long-haul network equipment are air conditioned, thereby minimising temperature fluctuation.  

Therefore, we can see that capacity is not currently a major limiting factor in access networks for 
most applications and deployments, and will not be in the short to medium term. This conclusion 
is supported by the ten operator case studies given in this study. 

Looking at the long-term evolution of FTTH networks, our roadmaps show that the widely 
deployed PON and PTP fibre architectures will continue to be widely used topologies supported 
by the evolution of supporting technologies, making the investment of FTTH operators future 
proof.  

Based on views gathered from academia and industry, we have produced two diagrams displaying 
the predicted evolution of PON and PTP networks. These are shown in Figure 1.2 and Figure 1.3 
below. Note, due the many uncertainties in technological development, these diagrams are only 
indicative and based on selected views. However, they illustrate that bandwidth in the access 
network will increase significantly in the next 25 years, and will depend on the evolution of key 
available components and technologies as illustrated in Figure 1.4. 
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Figure 1.2: Predicted evolution of PON [Source: Analysys Mason, 2010] 
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Figure 1.3: Predicted evolution of PTP networks [Source: Analysys Mason, 2010] 
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Figure 1.4: Technology evolution requirements [Source: Analysys Mason, 2010] 

The first observation is that more evolution of enabling technologies is required for PON 
generations than for PTP architecture, which in a way, makes PTP a less risky technology to invest 
in. In addition, due to the greater bandwidth scalability of PTP systems, the expected life cycle of 
each generation of PTP is likely to be longer than that associated with TDM PON. This is an 
important result, as it indicates that operators will have a longer time to get return on their 
investment with a PTP architecture compared to a TDM PON architecture, despite a slightly more 
expensive initial deployment costs (PTP are currently 19% more expensive to deploy than TDM 
PON systems, mainly due to the additional fibre, and therefore duct infrastructure required).  

We also found that PTP networks are likely to have a shorter reach than PON due to the large 
amount of fibre required, which would congest the existing passive infrastructure, and therefore 
require significant capital investment to upgrade the operator’s infrastructure. And although it is 
possible that WDM PON may reach a limit in the number of wavelengths that can be 
accommodated, mainly for cost reasons, by 2025–2030, new hybrid TDM/WDM multiplexing 
technologies may be required to better utilise the resources of PON. This new cycle of technology 
will in itself require significant R&D effort to become commercially available.  



Fibre capacity limitations in access networks | 8 

Ref: XOF4G011V03   

However, for all FTTH architectures, the evolution of photonic integrated circuits (PICs) and the 
availability of temperature-independent optical components for ONT sites will be crucial, 
especially for DWDM applications.  

On the demand side, IPTV services and social networking services are increasing bandwidth 
demand (downstream and upstream respectively) and therefore driving the adoption of FTTH 
technologies. However, if FTTH technologies follow the evolutionary paths predicted, we believe 
that both upstream and downstream demand will be met comfortably by FTTH systems. 

In terms of cost, we have shown that the deployment cost of TDM PON (GPON) is 26% lower 
than the cost of WDM PON and 19% lower that the cost of PTP, which partly explains the 
popularity of PON architectures with large operators. Looking at future cost trends, we have 
shown that the adoption of PICs could bring a 50–60% saving in the cost of optical components if 
the industry decides to invest in the necessary R&D to develop the technology. This would be 
followed by a halving of costs every three years due to process improvement and densification of 
PICs. Also, the use of CWDM technology and components would further help equipment vendors 
to cut the cost of optical equipment by up to 50% compared with DWDM equipment. 

So from this analysis, we do not believe that there will be any significant barriers in the evolution 
of FTTH systems capacity. However, we believe the bottlenecks maybe in the upgrade of one 
generation of FTTH systems to the next, especially if an operator decide to depart from a TDM 
PON infrastructure to a WDM PON infrastructure. In the UK for example, if, in the medium term, 
Openreach was to upgrade its GPON network to a WDM PON network, it would need to prepare 
for it today by allowing for extra space in the splitter site to be accommodate extra equipment 
(wavelength demultiplexers for WDM PON). In this context, we suggest that the regulator should 
closely monitor both the evolution of the FSAN/ITU standards, which will define the transition 
from GPON to WDM PON, and the technical strategy followed by Openreach and only the 
combination of these consideration will dictate whether there will be a barrier or not in the 
evolution of FTTH networks and their capacity. 
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2 Introduction  

The objective of this study is to inform Ofcom about current and emerging technologies for fibre 
access networks and to estimate, based on observed trends, the future capacity limits of such 
networks. 

This interim report presents key findings from the first stage of the study concentrating on current 
technology trends and the deployment of fibre-to-the-home (FTTH) networks. This report 
includes: 

• an overview of the evolution of fibre capacity (Optical Moore’s Law) in Section 3 

• descriptions of technology enablers and barriers, which support the discussion on capacity 
evolution in Section 4 

• a description of the current state of FTTH technologies including GPON, PTP and WDM 
PON, and the medium-term evolution (two to five years) of these technologies in Section 5 

• a survey of current FTTH deployments from ten different operators from Europe, North 
America and Asia in Section 6 

• an analysis of the long-term evolution of PON and PTP networks in Section 7 

• an analysis of the capacity limits of current and future networks in Section 8 

• concluding observations in Section 9. 

Please note there is a list of acronyms and a glossary provided in Annexes A and B respectively. 
References relating to the case studies are in Annex D. 
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3 Capacity evolution and Optical Moore’s Law 

3.1 Overview 

In this section we introduce the use of the capacity–distance product (C×D) to measure the 
capability of optical transmission systems and illustrate ‘Optical Moore’s Law’. We describe the 
technology enablers and barriers, and use a simple road traffic analogy to explain the key factors 
that affect the capacity–distance product. We illustrate how those factors link to technology 
enablers/barriers.  

3.2 Optical Moore’s Law and the capacity–distance product 

It is often thought that fibre-based networks promise infinite capacity. However, in reality, the 
practicalities of deployment, architectural choices and performance constraints of networking 
equipment may lead to that capacity being limited. Whilst tests can show that fibre is capable of 
supporting 10Tbit/s over a very short distance (e.g. a metre) due to the intrinsic characteristics of 
the fibre medium, explained in Section 41

If taken separately, neither the capacity nor distance are meaningful as absolute references for the 
capacity capability of optical transmission systems. This is because achievable capacities are 
always higher over shorter distances and lower over longer distances i.e. there is a trade-off 
between capacity and distance.

, this may not be a suitable benchmark for telecoms 
networks where fibre is deployed over tens (or even hundreds) of kilometres.  

1 It is for this reason that both capacity and distance are important, 
and the product of the two – the capacity–distance product (C×D) – is useful to understand 
potential capability. In Figure 3.1 below, C×D is shown for 1974 to 2006. Please note that C×D 
illustrated in Figure 3.1 refers to long-haul systems, which have seen tremendous technological 
evolution in the last three decades due to ever higher transmission rates and increasing 
transmission distances. 

                                                      
1  Also see “Capacity Demand and Technology Challenges for Lightwave Systems in the Next Two Decades", Emmanuel B. Desurvire, 

Journal of Lightwave Technology, Vol. 24, No 12, December 2006. 
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Figure 3.1: An illustration of Optical Moore’s Law [Source: “Capacity Demand and Technology 

Challenges for Lightwave Systems in the Next Two Decades”, Emmanuel B. Desurvire, 

Journal of Lightwave Technology, Vol 24, No 12, December 2006] 

The curved lines on Figure 3.1 above show the actual evolution of the capacity–distance product. 
The straight line indicates the average increase, which is tenfold every four years. This trend has 
been referred to as ‘Optical Moore’s Law’. Today, the capacity–distance product for long-haul 
transmission systems is approximately 50 to 100 Pbit.km/s.2 Figure 3.1 In , the labels refer to the 
technology developments that have enabled capability improvements (e.g. EDFA, WDM, etc.). 
These developments define five generations of optical transmission systems. 

• First generation: laser sources fabricated from the group III–V semiconductor gallium 
arsenide (GaAs), emitting light at wavelengths around 0.8μm, using multi-mode fibres. 

• Second generation: indium gallium arsenide (InGaAs) laser sources, emitting light at around 
1.3μm, using single-mode fibre. 

• Third generation: 1.5μm indium gallium arsenide phosphide (InGaAsP) using single-mode 
fibre. 

• Fourth generation: coherent transmission. 

• Fifth generation: optically amplified transmission, wavelength division multiplexing (WDM) 
and other developments. 

                                                      
2  Source: The IET, Fibre-optic record tumbles, October 2009  
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These developments in technology can be classified into six categories: 

• optical signal transmission principles  
• optical fibre technologies 
• optical amplification technologies 
• coding, modulation and detection technologies 
• optical transmitter and receiver technologies 
• multiplexing technologies.  

We refer to these categories as ‘technology enablers and barriers’.  

Figure 3.2 identifies which of these six are enablers, which are barriers and which can be both. 

 

Figure 3.2: Technology 

enablers and barriers to 

increase the capacity–

distance product 

[Source: Analysys 

Mason, 2010] 

 

3.3 Analogy with road systems 

In transmission systems, four factors affect the capacity–distance product: 

• total useable spectrum in a fibre  
• transmission/line rate of an optical signal  
• number of simultaneous channels that can be transmitted 
• transmission distance. 
 
In order to understand these factors and how they relate to each other, we present the analogy of a 
road system. The total useable spectrum in a fibre is equivalent to the total width of the road; the 
transmission rate is equivalent to car speed (car speed limitation); the number of simultaneous 
channels transmitted in an optical system is equivalent to the number of lanes; and the 
transmission distance is equivalent to the length of the road. The capacity of the optical fibre 
would therefore be equivalent to the total number of cars passing per second across a line drawn 
across the width of the road.  
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Figure 3.3: A road system analogy demonstrating the factors affecting C×D [Source: Analysys Mason, 

2010]  

Please note that the analogy with the road system is to illustrate the four identified factors only and 
should not be extrapolated to other dimensions. 

In a road system, increasing capacity can be achieved in three ways: 

• increasing the width of the road  
• increasing the speed limit 
• increasing number of lanes. 
 
Increasing the width of a road is an obvious approach but not always possible due to 
geographical/geological issues. The same is true for total useable spectrum in optical transmission 
systems, as only a discrete set of spectrum bands can be used due to limitations of the fibre, active 
components or optical amplification technology. However, using a wider spectrum in the fibre 
allows more channels to be transmitted simultaneously.  

Increasing the speed limit depends on the condition and type of car as well as the characteristics 
of the road, as the risk of collision increases with speed. In optical transmission systems, 
increasing the transmission rate will increase the total capacity of the system. However, the 
transmission rate is limited by the characteristics of the transmitter and receiver (which have to 
process the transmitted signals) as well as by the characteristics of the fibre, and increasing 
transmission rates can lead to a higher bit error rate.  

Increasing the number of lanes (or decreasing the lane width for a given road width) would 
allow more vehicles to travel simultaneously on the same road. However, depending on their speed 
and condition of the road, there is a limit to how close the lanes could be in order to avoid cars in 
adjacent lanes from crashing into each other. The same is true with optical transmission systems, 
as higher bit rate channels usually mean that adjacent channels (adjacent wavelengths) need to be 
separated with larger frequency gaps. 
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3.4 Factors affecting capacity–distance product: the relationship with technology 
enablers and barriers 

In Section 3.2 we described six categories of technology, classified as enablers of and barriers to 
increasing the capacity–distance product (C×D). Each of the four factors affecting the capacity–
distance product is enabled or limited by these six categories of technology. Figure 3.4 illustrates 
the main dependencies. 
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Figure 3.4: Key C×D factors and technology enablers/barriers [Source: Analysys Mason, 2010]  

Figure 3.4 shows that each of the four factors is affected by one or more technology. 

• The useable spectrum (road width) in a fibre is very much enabled by developments in fibre 
technologies, components and amplification technologies. This is because the attenuation of 
the fibre is frequency dependent and amplification technologies can only be commercially 
implemented in discrete spectrum bands. Note that the first three generations of lightwave 
systems were based on progress in both fibre technology and the development of 
semiconductor light sources (see Figure 3.1, up to 1990). 

• The transmission rate (speed/speed limitation) of an optical signal is enabled mainly by 
coding, detection and modulation technologies; components technologies; and by 
improvements in fibre technology. Efficient coding schemes will enable an increase in 
transmission rates; improvements in fibre will also facilitate this by reducing the distortion 
(e.g. dispersion) in the signal. Note that coherent systems defined the fourth generation of 
lightwave systems (see Figure 3.1, circa 1992).  

• The number of simultaneous channels (number of lanes) that can be transmitted is enabled 
by the development of wavelength division multiplexing (WDM). The development of optical 
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components has played a large role in the success of WDM, by allowing light sources emitting 
a narrow spectrum to be implemented. This has also been driven by improvements in fibre 
technologies where, for instance, non-linear effects in multi-channel systems have been 
mitigated by new fibre types. Note that one of the key enabling technologies that defined the 
fifth generation of lightwave systems was WDM (see Figure 3.1, circa 1995). 

• The maximum transmission distance (road length) has been increased by improvements 
across most of the enabling technologies especially amplification technologies, which have 
significantly increased the capacity–distance product in the fifth generation. Note that one of 
the enabling technologies that defined the fifth generation of light wave systems, was fibre 
amplification, referred to as EDFA in Figure 3.1, 1995 to 2002. 

In order to better understand the enablers and barriers described above, we have provided a primer 
on optical transmission technology in Section 4 below. This section is designed to provide an 
insight into how current issues and challenges in technical research and development ultimately 
impact the evolution of the capacity–distance product, which in turn is expected to undermine the 
future applicability of Optical Moore’s Law.  
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4 Technology enablers and barriers 

In Section 3.2 we described six categories of technology, which can be classified as enablers of 
and barriers to increasing the capacity–distance product (C×D): 

• optical signal transmission principles  
• optical fibre technologies 
• optical amplification technologies 
• coding, modulation and detection technologies 
• optical transmitter and receiver technologies 
• multiplexing technologies.  

Figure 4.1 is a reminder of which are enablers, which are barriers and which can be both. 

 

Figure 4.1: Technology 

enablers and barriers to 

increase the capacity–

distance product 

[Source: Analysys 

Mason, 2010] 

 
In this section we explore in detail the six categories of technology and how they affect the four 
system factors and therefore the capacity–distance product, as illustrated in Figure 3.4.  

We begin by presenting the principles of optical signal transmission, showing how the intrinsic 
properties of optical transmission systems can present a barrier to increasing the capacity–distance 
product. We describe optical fibre and amplification technologies, demonstrating how these can be 
both an enabler and barrier. We then introduce the genuine technology enablers which will help to 
increase the capacity–distance product: coding, modulation and detection technologies; optical 
transmitter and receiver technologies; and multiplexing technologies. 

Figure 4.2 below shows where in this section we explore each of the factors and network elements, 
and summarises the impact (also shown in Figure 4.23). 

For ease of reference, we have summarised the most important points at the end of  
Sections 4.1 to 4.6. This summary is given in a grey box, like this one. 
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Figure 4.2: Impact of technologies on the capacity–distance product for long-haul and access networks [Source: Analysys Mason, 2010] 
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4.1 Optical signal transmission principles 

In this section we present the following characteristics of optical fibre: 

• refractive index and total internal reflection 
• fibre attenuation and telecom windows  
• bit error rate and optical signal to noise ratio 
• dispersion  
• non-linear effects  
• noise. 

4.1.1 Refractive index and total internal reflection  

An optical fibre consists of a core surrounded by a cladding. Both are usually made of the same 
material (silica glass), but differ in their refractive indices. The refractive index is determined by 
introducing special dopants (typically germanium dioxide) during the manufacture of the fibre; 
this value dictates the velocity of light in the material according to the formula: 

n = c/ν 

where n is the refractive index; the constant, c, is the speed of light in a vacuum (3.108m/s); and ν 
is the velocity of light inside the material.  

For reference, the wavelength of a light signal is defined as the distance between two crests on the 
sinusoidal electromagnetic wave, and is represented by the equation: 

λ  = ν × f 

Where λ  (lambda) is the wavelength in m, ν the phase velocity in m/s and , f the frequency in Hz.  

Light introduced into the fibre will either escape from, or be guided by, the core. In order to be 
guided (i.e. for the light to internally reflect from the cladding), the total internal reflection (TIR) 
condition, must be met. The TIR condition is defined by the maximum angle, also known as 
critical angle, that the light can be launched into a fibre for transmission to occur, denoted as αc in 
Figure 4.3 below. 
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Figure 4.3:  Total internal reflection (TIR) condition [Source: Analysys Mason, 2010] 

The critical angle (αc ) for light launched into the fibre is a function of the refractive indices of the 
core and cladding, n1 and n2 respectively, defined as: 

2
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21 1sin 







−= −
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The TIR condition must be met in every section of the fibre network to minimise loss. However, 
excessive bending of a fibre cable (referred to as macro bending), or local imperfections of the 
fibre geometry (micro-bending), may cause the TIR condition to be violated. Micro-bending is 
illustrated in Figure 4.4 below: 
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Figure 4.4: Micro-bending illustration [Source: Analysys Mason, 2010]  

Macro bending can often occur at the transmitter/receiver sites if an appropriate fibre management 
system is not in place, for example if the termination fibre patch cords are excessively bent. Micro-
bending usually occurs because of fibre defects, or because external pressure is exerted on the 
fibre. Effective cable designs are those that protect the fibre and alleviate/de-couple fibres from 
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external stresses. A scenario in which micro-bending is a significant risk, is where lightweight 
fibre cables are installed in a shallow slot-cutting on a busy road where passing cars can exert 
pressure, leading to temporary signal degradation. 

4.1.2 Fibre attenuation and telecom windows 

One of the main reasons for signal degradation in an optical transmission system is fibre 
attenuation. Attenuation is a loss in the signal strength as it propagates through a fibre. It therefore 
reduces the transmission distance that the signal can travel before it needs to be re-amplified or re-
generated. Figure 4.5 illustrates a typical fibre attenuation profile (measured in dB/km). 
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Figure 4.5: Attenuation profile of 800–1700nm wavelengths in fibre [Source: Analysys Mason, 2010]  

 
The red line (total loss) in Figure 4.5 illustrates the relationship between wavelength and 
attenuation, which is dominated by two physical phenomena: 

• Rayleigh scattering (blue line) 
• the absorption of hydroxide anions (OH-), commonly referred to as the water absorption peak. 
 
Rayleigh scattering dominates the attenuation profile of fibre. It is caused mainly by light 
scattering at the molecular level i.e. from spheres that are smaller than the optical wavelength. The 
other source of attenuation in a fibre is the absorption of light by hydroxide anions. Hydroxide 
anions have a peak absorption at 945nm, 1240nm and 1380nm as shown in Figure 4.5 (red line). 
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However, continuous improvements in fibre manufacturing processes have helped alleviate this 
constraint. 

Today, optical communication systems typically operate within one of three wavelength regions 
where both the material attenuation is low and suitable transmitter devices may be readily 
manufactured. These wavelength regions are referred to as telecom windows. Naturally, the three 
windows coincide with the first three generations of optical transmission systems. 

The first telecom window refers to the range of wavelengths between 800nm and 900nm 
(typically 850nm). Early fibre-optic communication systems were developed for this range of 
wavelengths using either semiconductor lasers or light emitting diodes (LEDs) as transmitters, and 
silicon photodiodes as receivers. Communication systems operating in the first telecom window 
experienced high fibre attenuation and were only suitable for short-distance transmission. 

The second telecom window refers to wavelengths of approximately 1310nm. In this window, 
fibre loss is significantly lower and dispersion (in standard G.652 fibre) approaches zero. Systems 
designed for the second telecom window were originally used for long-haul transmission. Current 
long-haul transmission systems are now all based on the third window. 

 The third telecom window refers to wavelengths of approximately 1.5µm (typically 1550nm) as 
shown in Figure 4.5. This region exhibits the lowest fibre losses and today, the vast majority of 
transmission systems operate in this window. A special type of fibre-based optical amplifier was 
successfully developed in order to operate effectively in this window. Systems operating in the 
third window therefore became dominant for long-haul transmission. This trend was consolidated 
by the development of multi-wavelength systems to dramatically increase capacity. 

Telecom windows are further sub-divided into individual wavelength bands (and standardised by 
the ITU).  

Band Wavelength (nm) Bandwidth  

(nm / THz) 

Description Telecom window 

O Band 1260 – 1360 100 / 17.5  Original Second generation window 

E Band 1360 – 1460 100 / 15.1 Extended  

S Band 1460 – 1530 70 / 9.4 Short wavelength  

C Band 1530 – 1565 35 / 4.4 Conventional Third generation window 

L Band 1565 – 1625 60 / 7.1 Long wavelength Third generation window 

U Band 1625 – 1675 50 / 5.5 Ultra-long wavelength  

Figure 4.6: Transmission bands for second and third telecom windows [Source: ITU]  
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Today the vast majority of optical systems use erbium doped fibre amplification (EDFA), but this 
is only suitable for the C and L bands (11.5THz in total) because the EDFA technology is only 
available for these bands i.e. the third telecom window. However, the development of other types 
of amplifier e.g. the semiconductor optical amplifier (SOA) and Raman amplifier, should enable 
other bands to be used; this would extend the total useable spectrum (in our road analogy this is 
the road width) of optical fibre systems. More detail on doped fibre amplification is given in 
Section 4.3 below. 

4.1.3 Noise 

A key transmission impairment is noise, which is unwanted signal interference. Noise can come 
from a variety of sources, the two principle ones occur in the receiver and in optical amplifiers. 

• Receiver-related noise is the thermal noise of electrical amplifiers, which amplify the 
photocurrent generated by received photons and in doing so introduce noise because of the 
random motion of electrons. 

• The photo detection process – the generation of a photocurrent in response to incident photons 
– randomly generates electrons and therefore noise.  

Noise therefore deteriorates the optical signal to noise ratio (OSNR) at the receiver. 

4.1.4 Bit error rate (BER) and optical signal to noise ratio (OSNR) 

The bit error rate (BER) is the proportion of incorrect bits (error bits) received and therefore 
provides an indication of the quality of the signal. In an optical transmission system, the target is 
to achieve fewer than one error bit for every trillion (1012) bits received. There are three important 
metrics to be satisfied at the receiver to achieve a target BER: 

• a minimum power in the received signal 
• a minimum optical signal to noise ratio (OSNR) 
• a maximum dispersion. 
 
As discussed in Section 4.1.2, a signal travelling along a fibre experiences attenuation. The signal 
power may therefore fall below the allowed receive sensitivity. One way to compensate for the 
decreased signal power is to use optical amplification to boost the signal. However, optical 
amplification has a negative effect on the OSNR as it introduces noise in the system. 

The OSNR is the ratio of optical signal power to noise power at a particular point in a system 
(commonly defined at the receiver). The OSNR is a key performance indicator in a transmission 
system as it ultimately determines the quality of a received signal. Receivers are usually designed 
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to achieve a target bit error rate for a given OSNR and receive power.3

Noise occurs at different stages in the system. The greatest contributors of noise are optical 
amplifiers, especially in systems where many are installed. 

 The greater the OSNR, the 
smaller the bit error rate. In general, higher transmission rate signals (speed/speed limitation in our 
analogy) generally require a higher OSNR to maintain a constant bit error rate.  

Figure 4.7 below provides an 
illustration of how the OSNR decreases in a link that contains optical add-drop multiplexers and 
two optical amplifiers.  
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Figure 4.7: Effect on the OSNR of adding optical amplification [Source: Analysys Mason, 2010] 

Figure 4.7 shows how as the signal and noise travel in a fibre; they both experience attenuation. 
However, each time the signal traverses an optical amplifier, both the signal and noise increase, 
decreasing the OSNR i.e. gap between the two curves. Therefore, there is only a limited number of 
cascaded optical amplifiers that can be introduced in an optical link. 

Theoretical ultimate capacity and Shannon’s law  

In general, the maximum number of bit/s/Hz (or information spectral density, ISD) that can be 
obtained in a transmission system is a function of the signal to noise ratio. This relationship is 
described by Shannon’s law4

                                                      
3  Provided the dispersion in the signal at the receiver is not greater than that tolerated by the receiver. 

: 

4  See http://www.research.att.com/~njas/doc/shannonbio.html for more information. 

http://www.research.att.com/~njas/doc/shannonbio.html�
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where C bit/s/Hz is the ISD and 
N
S

 is the signal to noise ratio.  

However, this equation assumes only purely additive amplifier noise is present, corresponding to 
purely linear systems. However, a fibre is a non-linear medium, and the equation must be modified 
accordingly. The effect is that as the signal power increases, the number of bit/s/Hz that the system 
can accommodate increases up to a maximum and then starts to decrease. The maximum value is 
estimated at approximately 4 to 6 bit/s/Hz5 Figure 4.8, illustrated in  where line (a) represents the 
ISD in a purely linear system, line (b) the ISD in non-linear systems and dotted line (c) is the 
combination of both (realistic scenario).  

 

 

Figure 4.8: ISD capacity versus total WDM power in (a) purely linear, (b) purely non-linear, and (c) 

combined cases for a 5×100km amplified system, with local dispersion increasing from left 

to right by powers of two from the initial value dispersion = 1ps/nm/km [Source: E. 

Desurvire, D. Bayart, B. Desthieux, and S. Bigo, Erbium-Doped Fiber Amplifiers, Device 

and System Developments. New York: Wiley, 2002] 

This naturally has very important consequences for the ultimate capacity of optical fibre 
transmission. Therefore, much research is focused on increasing system linearity to increase the 
achievable capacity of fibre. 

We can multiply forecasts for ISD and useable fibre bandwidth to derive a simple forecast for the 
likely capacity of amplified WDM fibre systems. A realistic forecast can be generated by 

                                                      
5  For a WDM, 5x100km amplified system. 



Fibre capacity limitations in access networks | 25 

Ref: XOF4G011V03   

considering a scenario in which significant improvements are made to existing enabling 
technologies, ignoring the appearance of future disruptive ones.  

If we assume that optical amplifiers that operate across the 1.0µm to 1.7µm window (thereby 
releasing a total of around 125THz of fibre bandwidth) will become commercially available by 
2025, it is feasible that 100Tbit/s transmission capacity can be achieved (assuming a conservative 
ISD of only 1bit/s/Hz) in long-haul, amplified WDM fibre systems.  

As access networks operate over a much shorter range than long-haul systems and therefore 
require little or no amplification, the associated OSNR will be higher in access systems than in 
long-haul systems, as there will be negligible accumulated amplifier noise. Also, in access 
networks, the appearance of non-linear effects will be reduced due to the lower launch powers that 
can be used over shorter distances. Therefore, in access networks, the ISD will be increased and 
the capacity will be significantly higher than 100Tbit/s. This is assuming that the same technology 
used for long-haul systems today could be used in the access network, which is currently not the 
case due to cost. This is discussed in more detail in Section 4.7. 

4.1.5 Dispersion 

Another fundamental characteristic of fibre that affects the capacity–distance relationship is 
dispersion. Dispersion is the effect of an optical pulse transmitted over the fibre medium spreading 
in time. This causes adjacent pulses to overlap, creating an error in the received signal, as 
illustrated in Figure 4.9. 

 

Figure 4.9: Effect of 

dispersion on a signal 

[Source: Analysys 

Mason, 2010] 

There are three main types of dispersion in a fibre: 
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• intermodal dispersion 
• chromatic dispersion  
• polarisation mode dispersion (PMD). 

Intermodal dispersion occurs when several modes (or angles) of a signal are allowed to travel in 
the light-carrying core, as illustrated in Figure 4.10. As each mode travels at a different speed 
within the fibre, the total signal (comprised of several modes) spreads. Intermodal dispersion can 
easily be eliminated by using single-mode fibre (as opposed to multi-mode fibre, see in Section 4.2 
below), which only allows a single mode (the ‘fundamental mode’) to be transmitted along the 
fibre. Since single-mode fibres do not experience any intermodal dispersion, they are widely 
deployed in access, metro and long-haul fibre networks.6

4.2
 Multi-mode and single-mode fibres are 

explained in Section  below. 
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Figure 4.10: Multi-mode and single-mode propagation [Source: Analysys Mason, 2010]  

 

Chromatic dispersion occurs because the refractive index (which dictates the speed at which light 
travels in a fibre) of silica glass, the material most commonly used to make fibre cables, varies 
with wavelength. This variation results in a spreading of the pulse in the time domain at the 
receiver. Chromatic dispersion comprises both material and waveguide dispersion. Material 
dispersion occurs because the refractive index of silica glass varies with wavelength, and 
waveguide dispersion occurs when the speed of a wave in a waveguide (such as an optical fiber) 
depends on its frequency for geometric reasons, independent of any frequency dependence of the 
materials from which it is constructed. As all light sources have a finite line (spectrum) width (i.e. 
light is emitted with a small range of wavelengths, and each wavelength travels at a slightly 
different speed in the fibre), there is a resulting spread (or dispersion) of the signal. Waveguide 
dispersion occurs because a portion of the light wave (of a given wavelength) travels in the 

                                                      
6  Multi-mode fibre is only used to interconnect sets of equipment that are near each other (e.g. in the same building). 
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cladding as well as in the core (and at a different speed in each, since the core has a different 
refractive index to the cladding). Figure 4.11 below shows the dispersion effect on laser line width. 
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Figure 4.11: Dispersion effect on laser line width [Source: Analysys Mason, 2010]  

The zero dispersion wavelength is the wavelength at which material dispersion and waveguide 
dispersion cancel one another, and therefore the wavelength that does not incur any chromatic 
dispersion.  

There are several ways to control chromatic dispersion in an optical transmission link. 

• Use light sources with narrower line widths. However, in general the narrower the line width 
the more costly the device (see Section 4.5). 

• Operate at a wavelength that is subject to minimum dispersion in fibre. Optical fibres can be 
engineered to shift the minimum dispersion to a particular wavelength (see Section 4.2).  

• Deploy special dispersion-compensation modules, which could, for example, contain long 
pieces of dispersion-shifted fibre to reverse the dispersion effect. However, such devices 
introduce optical attenuation, which implies more optical amplifiers would be needed in the 
system, leading to a decrease in signal quality (see Section 4.1.4). 

• Use electronic dispersion compensation (EDC) (high-speed equalisers) where a signal is pre-
conditioned with inverse dispersion characteristics. However, performing electronic dispersion 
compensation at high data rates (>10Gbit/s) is challenging because it is processing intensive.  

Polarisation mode dispersion (PMD) is one of the most significant barriers in transmission 
systems today to increasing the capacity–distance product, as it limits the maximum transmission 
rate that can be accommodated by an optical transmission system over a given distance (or limits 
the transmission distance for a given transmission rate).  

The light waves (electromagnetic waves) transmitted comprise two orthogonal components, one 
travelling along the X plane and the other travelling along the Y plane as illustrated in Figure 4.12. 
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Due to the imperfections of fibre, the X component of the electro-magnetic wave has a slightly 
different refractive index to the Y component, resulting in the two components travelling at 
slightly different speeds through the fibre: this is called polarisation mode dispersion (PMD). 

Direction of 
propagation

X plane

Y plane

 

Figure 4.12: An illustration of polarisation mode dispersion [Source: Nortel Networks] 

As the orthogonal modes propagate down the fibre they separate out in time, leading to dispersion 
at the receiver. PMD was little considered until the mid 1990s and frequently not considered in 
fibre specifications. Therefore, in some networks deployed up to the early 1990s, PMD can 
prevent operation at higher speeds i.e. 10Gbit/s per channel or above. PMD continues to be a key 
issue with installed fibre, but manufacturing processes have improved dramatically and PMD 
values in newer fibre are significantly lower. 

It should also be noted that PMD varies, according to temperature. The compensation mechanism 
must be capable of accommodating such changes and is therefore expensive, especially as it is 
currently deployed only in long-haul systems. Total PMD, measured in picoseconds (ps), is 
determined by the equation provided below: 

dPMDD fibrePMD ×=  

where DPMD is the dispersion in seconds, PMD fibre is the typical PMD value of a fibre in seconds 
per (km)1/2 and d is the transmission distance in km.  

DPMD, the maximum dispersion allowed in a transmission system, can also be expressed as a 
function of the baud rate, i.e. the rate at which pulses are transmitted through the fibre: 

ratebaud
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where Dtolerance is the percentage that the pulse is allowed to spread to achieve a BER of 10-12, and 
the baud_rate is expressed in pulses per second. This equation can be rearranged to find the 
maximum transmission distance: 
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To illustrate this, let us take an example. Say we wish to define maximum distance that can be 
achieved for a 100Gpulse/s signal. Usually, systems are designed so the maximum allowed pulse 
spread is 10% of the original pulse. PMD fibre in typical G.652 fibre is 0.2ps*√ (km). This yields 
the following values: 

• PMDfibre – typical mean PMD for a G.652 fibre  = 0.2ps * √ (km) 
• baud_rate       =100 Gpulse per second 
• Dtolerance       = 0.1 pulse. 
 
Substituting the above values into the third equation above yields a maximum transmission 
distance of 25km. This 25km is very limiting, even for the access network where current FTTH 
technologies are specified for 20km or 30km (see Section 5). Therefore, PMD is a significant 
barrier to increasing the capacity–distance product. 

Today, the effects of PMD are mitigated by using sophisticated line coding schemes to reduce the 
baud rate for a given input information rate. Looking again at our example, if we assume multi-
level coding of 4 bits per pulse (see Section 4.4 on coding schemes), the baud rate of a 100Gbit/s 
signal would be decreased to 25Gpulse/s and the associated maximum distance due to PMD 
limitations would increase to 400km, which represents a significant improvement when compared 
to the previous case (25km). 

4.1.6 Non-linear effects  

In general, an optical transmission medium (e.g. optical fibre) can be considered to be linear if the 
increase in output power is proportional to the increase in input power. However, non-linear 
effects can occur; in the case of non-linear scattering these occur when the power level is high. 
These effects are normally of significance only in high-power, long-distance systems.  

The main non-linear effects affecting silica-based fibre are the following. 

• Four-wave mixing. In multi-channel WDM systems, intermodulation (or mixing) between 
WDM channels creates unwanted channels at a wavelength that interferes with the existing 
signal. Four-wave mixing is particularly prominent around the zero dispersion wavelength of a 
fibre, which is typically 1310nm for standard G.652 fibres and around 1550nm for other fibres 
(see Section 4.2.2 for more detail). Four-wave mixing is mitigated by carefully controlling 
power levels and by ensuring that the fibre has a small, but finite level of dispersion. 

• Self-phase modulation. In single-channel systems, the signal intensity will induce small 
changes in the refractive index. This variation in refractive index will produce a phase shift in 
the pulse, leading to a change of the pulse's frequency. This effect is also known as the Kerr 
effect. Strict control of wavelength power level is required to mitigate this effect.  

• Cross-phase modulation. In multi-channel WDM systems, all the other interfering channels 
also modulate the refractive index of the channel under consideration, and therefore its phase. 
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Strict control of wavelength power level is again required to ensure that this effect does not 
impair the signal. 

• Stimulated Brillouin scattering7

• Stimulated Raman scattering. This is an another scattering phenomenon, but requires much 
more power to become a problem compared with stimulated Brillouin scattering.  

. If the signal(s) is launched into the fibre with high power 
(above 10mW) and with a narrow line width, stimulated Brillouin scattering causes light to be 
reflected back down the fibre and to interfere with long sequences of transmitted pulses. Thus 
the launch power has to be restricted to limit this effect. 

• Double Rayleigh scattering. A further scattering issue with amplified systems. It becomes 
prevalent in Raman amplified systems because it is related to the fibre length and the gain. The 
gain per stage of Raman amplifiers must be limited (see Section 4.3.3). 

Long-haul WDM systems are particularly susceptible to non-linear effects, as they have high total 
power levels, due to the many wavelengths created, each of which are launched with relatively 
high optical power. 

Summary 

The violation of the total internal reflection (TIR) condition results in the optical signal 
leaving the fibre and therefore in signal attenuation, which in turn reduces the transmission 
distance. An optical signal experiences attenuation due to certain characteristics of fibre, 
for example material scattering and absorption of hydroxide anions. Local fibre 
abnormalities (macro bending or micro-bending of the fibre) can cause a violation of the 
TIR. Rayleigh scattering dominates the attenuation profile of fibre: it is caused mainly by 
light scattering at the molecular level i.e. from spheres that are smaller than the optical 
wavelength. 

The attenuation in optical fibre is wavelength dependent – the third telecom window offers 
the least attenuation and the prospect of greater transmission distances. Continuous 
improvements in fibre technology have reduced attenuation, which has increased 
transmission distance.  

For amplified systems, only a small fraction of the total fibre spectrum is currently used: 
the C and L bands. Further developments in optical amplification technology will be key to 
increasing the useable fibre spectrum and therefore the total capacity–distance product. 

Noise is generated in the receiver and in optical amplifiers and deteriorates the optical 
signal to noise ratio (OSNR). The bit error rate (BER) is a function of the optical signal to 

                                                      
7  Stimulated Raman scattered light moves mostly forwards and the Stimulated Brillouin scattered light moves backwards. 
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noise ratio (OSNR), power in the received signal and dispersion in the received signal. 
Optical amplification compensates for fibre attenuation and therefore increases the 
transmission distance, however, amplifiers introduce noise and therefore degrade the 
OSNR (and consequently BER), leading to lower transmission rates (speed/speed 
limitation) for the same target BER. 

Shannon’s law describes the upper spectral efficiency i.e. bit/s/Hz that can be achieved in a 
linear optical transmission system for a given OSNR. However, the non-linear effects 
within optical fibre serve to reduce the maximum bit/s/Hz to a value that is below that 
predicted by Shannon’s theory. 

A realistic forecast8

Dispersion limits the Gbit/s transmission rate that can be achieved over a given 
transmission distance (road length). Intermodal dispersion can be avoided by using single-
mode fibre. Chromatic dispersion can be managed by using narrow line-width lasers, by 
operating at the zero dispersion wavelength of the optical fibre, and by dispersion 
compensation management techniques (passive and active). Polarisation mode dispersion 
(PMD) is the most challenging dispersion type to overcome and particularly affects high 
transmission rates (>10Gbit/s) and is the type of dispersion with the most significant 
impact on modern optical transmission systems. 

 based on the development of existing technologies predicts capacities 
in long-haul WDM networks of 100Tbit/s by 2025, provided the useable spectrum (road 
width) is extended beyond the conventional C and L bands, enabled by the development of 
appropriate amplification technology. 

Non-linear effects significantly affect fibre performance. These effects are a function of the 
total power of the signal(s) transmitted in the fibre, thereby limiting the total power with 
which light can be launched into a fibre and limiting the total distance of transmission. 
Long-haul WDM systems are particularly susceptible to non-linear effects.  

4.2 Optical fibre technologies 

This section describes the design and construction of the different types of optical fibre which 
serve as the transmission medium for fibre communication systems. Some discussion of the 
various advantages and disadvantages of each fibre type is also provided.  

                                                      
8  E. Desurvire, “Capacity Demand and Technology Challenges for Light wave Systems in the Next Two Decades”, Journal of Light 

Wave Technology, December 2006. 
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4.2.1 Multi-mode fibre 

Multi-mode fibre typically has a (relatively large) core of 50µm or 62µm in diameter, surrounded 
by cladding of 125µm. The core supports a number of modes, each of which has a different path 
length and therefore propagation time along the fibre (see intermodal dispersion in Section 4.1.4). 

The main advantages of multi-mode optical fibre are that it is cheap to manufacture and that it has 
a large acceptance angle i.e. the maximum angle at which the fibre can accept the light. This 
means that the transmission of light into and out of the fibre is easily accomplished. As a result, 
systems that employ multi-mode fibre can make use of cheaper, less precise optical sources and 
coupling (transmission) equipment. On the other hand, multi-mode fibre is subject to more severe 
signal distortion, namely intermodal dispersion, than single-mode fibre and is therefore deployed 
only in local area networks. 

4.2.2 Single-mode fibre 

Single-mode fibre has a much smaller core diameter (8µm) than multi-mode mode fibre. This 
means that only one mode can be propagated along the fibre and therefore there is no intermodal 
dispersion (see Section 4.1.4). However, single-mode fibres are affected by chromatic dispersion. 
To combat chromatic dispersion, different types of single-mode fibre have been designed and 
made commercially available; there are three types: 

• Non-dispersion-shifted fibre (N-DSF – standardised as ITU G.652) is the most widely 
deployed fibre and also the cheapest. For N-DSF, the minimum dispersion lies within the 
second telecom window, separate from the attenuation minimum in the third telecom window. 
A sub-category of the G.652 recommendation is the G.652.D specification, in which the size 
of the water absorption peak is reduced (see Section 4.1.2) resulting in an increase in the 
usable spectrum.  

• Dispersion-shifted fibre (DSF – standardised ITU G.653), where the dispersion minimum is 
shifted to align with the attenuation minimum in the third telecom window. However, this is 
unsuitable for multi-wavelength systems and is therefore not generally used any more. 

• Non-zero dispersion shifted fibre (NZ-DSF - standardised ITU G.655), which is designed to 
overcome the shortcoming of DSF by shifting the zero dispersion to edge (beginning/end) of 
the third telecom window, thereby making the fibre more suitable for multi-wavelength 
transmission i.e. WDM systems. (Remember that the zero dispersion wavelength is the 
wavelength/s at which material dispersion and waveguide dispersion cancel one another.) 

For these types of single-mode fibre, dispersion and wavelength can be plotted as shown in Figure 
4.13. In Figure 4.13, positive chromatic dispersion occurs when shorter wavelengths are travelling 
faster than the longer wavelengths; negative chromatic dispersion occurs when longer wavelengths 
are travelling faster than shorter wavelengths.  
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Figure 4.13: Dispersion profiles of different types of single-mode fibre [Source: Analysys Mason, 

2010]9

In addition to these three fibre types, a new breed of fibre that is more tolerant to bending (see 
Section 

 

4.1.1) has emerged in the last two years; it is specified by the ITU G.657 standard,. The 
application for this fibre is FTTH, specifically targeted at the last drop of the network, in which 
fibres can be challenging to install due to a lack of space in the building to deploy these fibres. A 
smaller bend radius increases the possibilities of installing fibre in constraining environments. 
Fibre cables which meet the G.657 standard are today supplied by all the major cable vendors. 

Summary 

Multi-mode fibre is rarely deployed in access networks, and it can only used over short 
distances, e.g. interconnecting equipment in the same building. 

Single mode N-DSF fibre (ITU G.652) is mainly deployed in metropolitan and access 
networks where dispersion is less of an issue than in long-haul networks. G.652 fibre is 
suitable for WDM transmission. A sub-category of the G.652 recommendation is the 
G.652.D specification, in which the size of the water absorption peak has been reduced, 
resulting in an increase in the usable spectrum in the fibre. G.652.D has become the new 
“standard” for metropolitan and access networks.  

                                                      
9  This figure is only indicative as the real dispersion profiles of fibres are not linear. 
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Single Mode NZ-DSF fibre (ITU G.655) is optimised for long-haul transmission because it 
significantly reduces chromatic dispersion and therefore allows higher bit rates to be 
transmitted over longer distances (increasing the C×D product). However, NZ-DSF fibre is 
two to three times more expensive than N-DSF fibre, which is why it is not used in metro 
and access applications which are less impacted by chromatic dispersion due to shorter 
transmission distances.  

ITU G.657 specifies a type of fibre more tolerant to bending which significantly alleviates 
operational issues associated with the installation of fibre in constrained environments (e.g. 
in buildings). 

4.3 Optical amplification  

The fifth generation of light wave systems deploys optical amplified transmission, which 
significantly increases the capacity–distance product. However, commercially-deployed amplifiers 
only operate over a restricted part of the available fibre spectrum. Therefore, the development of 
amplifiers that can operate over the various telecom windows offers a significant opportunity to 
increase the useable fibre spectrum and therefore the capacity–distance product. In this section we 
discuss the various types of optical amplifier. 

4.3.1 Rare earth doped fibre amplifiers 

Rare earth doped fibre amplifiers use optical fibre doped with rare earth ions, which create a 
medium that amplifies an incoming optical signal. One of these is the erbium-doped fibre amplifier 
(EDFA), arguably the most important enabler of the fifth generation of optical transmission 
systems. EDFAs allow a significant increase in the transmission distance between two terminals, 
increasing the capacity–distance product. EDFAs are the most deployed fibre amplifier, as the 
amplification window coincides with the third telecom window of optical fibre. In this wavelength 
region, both the C and L bands can be amplified, although two separate EDFAs are usually 
required (each operating within the sub-bands, the main difference being that the L-band amplifier 
uses a longer section of doped fibre). 

In order to operate over other wavelengths, amplifiers using a variety of other rare earth dopants 
have been developed. However, these devices have not been commercially deployed in significant 
number.  

4.3.2 Semiconductor optical amplifiers 

Semiconductor optical amplifiers (SOAs) are amplifiers that use a semiconductor to provide the 
gain medium. These amplifiers have a similar structure to Fabry Perot laser diodes but with anti-
reflection elements at the end faces. As this structure creates a loss of power from the cavity that is 
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greater than the gain, it prevents the amplifier from acting as a laser. As the design of the SOA is 
similar to a Fabry Perot structure, it offers the possibility of gain in different wavelength regions 
from the EDFA, and therefore represents a unique enabler to widen the available spectrum of fibre 
networks. 

SOAs have been around for a long time but have not been used due to cross-channel interference 
problems when several channels are amplified. However, by carefully monitoring the power of the 
wavelengths amplified by the SOA, it is possible to eliminate this negative effect. SOAs are 
manufactured for the S, C, L and O bands (the O band is in the second telecom window). 

However, compared with EDFAs, SOAs have higher noise and lower gain. 

4.3.3 Raman amplifiers 

In a Raman amplifier, a section of fibre is injected with a light source (known as pumping) such 
that Raman scattering is stimulated, which amplifies an incoming signal. The wavelengths of the 
signal and the pump laser are separated by a few nanometres. A key characteristic is that the pump 
wavelength of a Raman amplifier (rather than the dopant ions of a rare earth doped amplifier) 
defines the wavelength of operation. Any single-mode fibre may be used, but special fibres do 
exist that offer enhanced Raman scattering effects. Raman amplifiers are expensive and only 
deployed in long-haul systems at present but offer the most promising development opportunity 
for a variety of reasons, including the fact that the amplification bandwidth is defined by the pump 
wavelengths that are utilised. 

4.3.4 Regenerators 

Regenerators (sometimes referred to as repeaters) are used in long-haul and metropolitan 
environments to compensate for attenuation and signal distortion. A regenerator takes an optical 
signal as input, converts the optical signal to an electrical signal, performs various signal 
processing tasks to the electrical signal to regenerate the bits of a digital signal and then 
retransmits an enhanced optical signal. This process is known as an optical-electronic-optical  
(OEO) conversion and consists of three successive steps: 

• re-shaping the pulse 
• re-timing the pulse 
• re-amplifying the pulse.  
 
In this context, regeneration is a 3R process whereas optical amplification is a 1R process. This is 
illustrated in Figure 4.14: 
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Figure 4.14: The 3R regeneration process [Source: Analysys Mason, 2010] 

Traditionally, full regeneration in WDM systems has been avoided whenever possible due to its 
high cost, since the number of transponders required is identical to the number of channels present 
in the WDM system. This is in contrast to amplification, which only requires a single amplifier to 
amplify a large number of channels. 

However, when the OSNR becomes too low or when the signal has experienced a high degree of 
distortion due to dispersion or non-linear effects, the signal cannot just be re-amplified but has to 
undergo a full 3R process so that it can be correctly detected at the receiver.  

The high cost associated with 3R regeneration is somewhat alleviated by technological advances in 
photonic integrated circuit (PIC) technology (see Section 4.5.3), which enables cost-effective 
regeneration, making 3R regeneration an attractive option for each site of the transmission 
network. However, it can be argued that when PIC technology becomes widely available, it will 
not be a cost differentiator in itself as every equipment vendor will use the same integrated 
transmit/receive PICs. Then optical amplification will again become a differentiator to help 
equipment vendors to reduce the cost of their transmission solutions.  

Summary  

Erbium-doped fibre amplifiers (EDFAs) are the most deployed fibre amplifier but can only 
be deployed in the third telecom window, limiting the total useable spectrum in a fibre. 
Other rare earth doped amplifiers have been tested but they have not been commercially 
developed. 

Semiconductor optical amplifiers (SOAs) can operate the same wavelength as any 
semiconductor laser, providing the opportunity to widen the useable fibre spectrum. SOAs 
have not been used in multi-channel systems due to their non-linear properties, which make 
channels interfere with each other. SOAs are manufactured for the O, S, C and L bands. 

Raman amplification is mostly used for long-haul transmission and is not cost effective in 
other applications. The pump wavelength of a Raman amplifier defines the wavelength of 
operation. 

Regeneration consists of performing an optical-electronic-optical (OEO) conversion to 
“clean” the signal. Traditionally, regeneration in WDM system systems has been avoided 
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whenever possible due to its high cost, as the number of transponders required is the same 
as the number of channels present in the WDM system. This is in contrast with 
amplification, which only requires a single amplifier to amplify a large number of 
channels.  

However, the advent of PICs makes regeneration more cost effective, changing the 
economics of optical networks, i.e. regeneration is needed at every node instead of optical 
amplification. When PIC technology matures and becomes widely available, it is likely that 
optical amplification will once again become a differentiator.  

4.4 Coding, modulation and detection technologies 

This section discusses the use of coding schemes, carrier modulation and (coherent and direct) 
detection techniques. In order to place each of these in context, we outline the main components in 
a typical digital transmission system: 

 

Line coder Modulator De-coderDe-
modulatorRegenerator

Input 
signal

Output 
signal

 

Figure 4.15: Main digital system components [Analysys Mason, 2009] 

The binary input signal first passes to the line coder, which performs two functions: 

• converts the input signal to a multi-level output in order to improve the spectral efficiency 
• introduces timing data to facilitate synchronisation across the digital system. 
 
The modulator takes the output from the line coder and modulates a carrier (in an optical system 
this is usually a semiconductor laser). At the receiver, the reverse occurs i.e. the signal is converted 
back to an electrical signal in the de-modulator, and then the original input signal is recovered 
from the line-coded signal in the de-coder. These key functions of coding, modulation and 
detection are described in more detail below.  
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4.4.1 Coding  

The vast majority of optical communication systems use NRZ (non-return to zero) pulse 
modulation. In this coding scheme, a binary “1” is transmitted as a fixed optical power (e.g. 1mW) 
whilst a binary “0” is transmitted as a fixed zero optical power (e.g. 0mW). 

RZ (return to zero) modulation is also sometimes used. In this coding scheme, a binary “1” is 
transmitted as an “on-off” pulse whilst “0” is again zero power. This provides an increased clock 
density (more 1/0 transitions) due to the multiple power transitions and makes it easier to recover 
the signal at the far end. NRZ and RZ are very simple coding schemes but are still used 
extensively in optical transmission systems for transmission rate lower than 10Gbit/s.  

As mentioned above, line coding schemes can be used to increase the spectral efficiency i.e. to 
transmit information at an effective rate that is greater than the actual bit rate (known as the baud 
rate) along the fibre. This serves to alleviate the problems caused by higher bit rates. The approach 
involves converting the input binary signal into an output multi-level scheme as illustrated in 
Figure 4.16 for a four-state pulse. 

Time
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Figure 4.16: Illustration of 

a four-state amplitude 

coding scheme [Source: 

Analysys Mason, 2010]  

 

In Figure 4.16, the encoder uses two bits per symbol to encode the sequence “1-0-0-0-1-1”. Each 
of the three represented symbols carries two bits of information, enabling the baud rate to be half 
of that of a binary encoding scheme.10

There are three properties of an electro-magnetic wave that can be used to generate multi-level 
coding: 

 

• amplitude 
• phase 
• polarisation.  

                                                      
10  In a real system, such an encoding scheme would not be used as amplitude multi-level coding is susceptible to non-linear effects.  
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Phase modulation is favoured as it tends to be constant in amplitude and therefore less susceptible 
to non-linear effects. For example, in Quadrature Phase Shift Keying (QPSK), four-phase states 
are used, which accommodates two input bits (00, 01, 10, 11) per symbol. Polarisation can also be 
used to add another dimension and increase the number of coding states. Some vendors plan to use 
polarisation multiplexed QPSK to encode four bits per symbol for transmission of 40Gbit/s 
channels. This modulation technique uses a combination of phase and polarisation states: 

• QSPK, allowing four-phase states (two bits) to be coded  
• polarisation states allowing two more bits to be encoded (the polarisation of horizontal and 

vertical planes).  

In general, for schemes with 2N output states, N bits can accommodated. It should be noted that 
there is a limit on how many states can be decoded for a given target error rate which is fixed by 
the OSNR. This is because multi-coding schemes are more susceptible to noise. Note that in the 
above cases the complexity (number of output states) has doubled but only 50% more bits have 
been accommodated. Therefore, as the complexity of multi-level coding schemes increases, the 
corresponding improvement in spectral efficiency reduces i.e. the approach can be considered to 
offer diminishing returns. Naturally, as the number of possible output levels increases, so does the 
complexity and therefore the cost of the line-coder. 

4.4.2 Modulation 

While optical fibre can be used to transmit analogue signals (e.g. in cable TV systems), digital 
signals dominate fibre-optic telecommunication systems.  

In digital transmission, the line-coded signal is used to modulate the carrier frequency 
(wavelength) for transmission over the link i.e. in an optical system, the line-coded signal 
modulates a laser at a given wavelength. At the receiving end, de-modulation (where the signal is 
converted from an optical signal back to an electrical one via a photodiode) and then de-coding 
take place to recover the signal. 

4.4.3 Detection 

There are two types of detection: non-coherent and coherent. In non-coherent detection, an 
incoming signal of interest is mixed with a local oscillator signal, which is frequency-synchronised 
to the carrier of the incoming signal. The target signal is then obtained via low-pass filtering.  

In coherent detection, the signal of interest is non-linearly mixed with a reference oscillator set at a 
similar (but separate) frequency to the signal of interest. The frequency difference that arises then 
carries the target information i.e. amplitude, phase, and frequency modulation of the original 
(higher frequency) signal.  
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Non-coherent detection suffers from a number of issues that limit both the reach and capacity of 
systems, and coherent detection can be used to resolve a number of these issues. For example, 
higher receiver sensitivities can be attained and multi-level modulation formats can be efficiently 
detected. 

4.4.4 Forward error correction (FEC) 

Forward error correction (FEC) is a digital processing technique whereby errors that occur in the 
transmission channel may be corrected at the receiving end of the system. This is done by sending 
additional information (derived from the data of interest) along with the data itself. Somewhat 
analogous to the simple checksum concept, enough extra information is sent to allow a certain 
number of errors to be corrected. Thus, the additional bandwidth required (perhaps up to 10–15%) 
is traded for an increased system reach or system operating margin. 

Whilst historically critical in submarine systems, such techniques have become commonplace in 
standard long-haul and metro systems to compensate for errors introduced by excessive PMD, 
especially when the transmission rate is 10Gbit/s or higher. As a consequence, FEC allows 
transmission distances to be extended or transmission rates to be increased as the extra errors 
created are corrected at the receiver. 

Summary  

The vast majority of optical communication systems use NRZ (non-return to zero) which is 
relatively basic and not scalable to transmission rates above 10Gbit/s.  

Multi-level coding schemes are key in the transmission for 40Gbit/s channels and above to 
decrease the affect of dispersion (as they decrease the baud rate); they increase spectral 
efficiency but require a better OSNR than traditional coding schemes at the receiver to 
correctly decode. Multi-level coding schemes are relatively complex and expensive to 
implement. 

Modulation allows a line-coded signal to be transmitted in an optical transmission system 
using a carrier with a set wavelength. 

Coherent optical detection can be used to overcome some of the issues that limit the data 
capacity and the reach of direct detection systems. 

FEC is a performance-improving technique for optical transmission systems that corrects 
errors at the receiver and therefore allowing a greater distance or a higher transmission rate 
to be achieved for the same target bit error rate. 
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4.5 Optical transmitters and receivers 

Optical transmitters and receivers are part of a larger group of optical components which are 
commonly used in optical networks. A common type of transmitter comprises a light source, 
external modulator and associated electronics. In receivers, optical filters are used to select a 
wavelength out of a wavelength group or ‘comb’ i.e. in WDM systems; the optical signal is then 
converted to an electronic one via a photo detector, such as a positive-intrinsic-negative (PIN) 
photodiode and avalanche photo diode (APD), which are discussed below. 

The ability to tune the wavelength of components is key since this supports efficient operations. 
For example, tuneable components support the dynamic reconfiguration of networks (in response 
to traffic changes and/or network failures). Both transmitters and receivers i.e. the filters can be 
tuneable, or alternatively tuned to a fixed wavelength.  

In this section we outline the types of transmitters and receivers with brief reference to tuning 
range and time. 

4.5.1 Optical transmitters  

Fabry Perot lasers 

Fabry Perot lasers are the first generation of lasers (laser diode) and are very cost effective. 
However, they suffer from a wide spectral line width (typically 2nm to 20nm), which makes them 
unsuitable for long-distance transmission (due to chromatic dispersion) and to Dense WDM 
(DWDM – see Section 4.6.2), which requires close frequency spacing between the transmitted 
wavelengths. Fabry Perot lasers can usually operate over a wide temperature range which makes 
them better suited to un-cooled environments (for example at customer premises). 

Distributed feedback (DFB) lasers  

DFB lasers are available in a wide spectral range at least between 0.8μm and 2.8μm, making them 
suitable for all telecom windows identified in Section 4.1.2. The line width of DFB lasers is very 
narrow, typically a few hundred MHz, and wavelength tuning is often possible over several 
nanometres. They are temperature-stabilised devices and are suitable for both long-haul 
transmission and DWDM systems, and can exhibit high wavelength stability. Overall, DFB lasers 
are superior to Fabry Perot lasers but are significantly more expensive.  

Vertical cavity surface-emitting (VCSE) lasers  

Vertical cavity surface-emitting (VCSE) lasers are semiconductor lasers that are designed so that 
their emission direction is perpendicular to the surface of the chip. Although VCSE lasers were 
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only available for transmission in the first and second telecom windows, recent advances in 
technology mean that they can now also be used in the third window, making them suitable for 
DWDM systems and long-haul transmission. VCSE lasers can also be made to be tuneable over a 
short range of wavelengths. The main advantages of VCSE lasers is that they are cheaper than 
DFB lasers and can be used for similar applications. 

Wavelength assignment of light sources 

There are different types of light sources (lasers), two of which can be set to a range of 
wavelengths and one with a fixed wavelength. These are known as: 

• fixed lasers 
• tuneable lasers 
• colourless wavelength locking lasers.  
 
Fixed lasers are assigned a pre-determined wavelength that cannot be changed or altered. Fixed 
lasers are the cheapest lasers. The main drawback of using fixed lasers is that the operator must 
hold a spare laser for every single wavelength present in the system. In standard C-band WDM 
systems, this would mean at least 32 different lasers, plus another 32 spares.  

As their name indicates, the wavelength of tuneable lasers can be adjusted within a certain 
wavelength range. Theses lasers are more expensive than their fixed counterparts but offer a higher 
degree of flexibility. Only four different lasers are required for the 32 wavelengths of the C band, 
as each tuneable laser can be tuned to one of eight different wavelengths. However, the network 
planner still needs to define in advance the wavelength for each new subscriber and needs to tune 
individual lasers to be consistent with their wavelength plan. This process can be quite time-
consuming. 

The colourless wavelength-locking laser is a novel technology patented by LG-Nortel which is 
able to lock automatically to a wavelength sent by the system. This significantly reduces the 
provisioning time of subscribers i.e. the time it takes for a new user to become active on the 
network. 

Figure 4.17 illustrates the operation of colourless wavelength locking laser. 
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Figure 4.17: Colourless wavelength locking laser operation [Source: LG Nortel] 

In a colourless wavelength locking system, a broadband light source, also known as a white laser, 
sends a pilot signal to the WDM demultiplexer (called ‘wavelength router’ in Figure 4.17) that 
includes all the colours in the spectrum. Each port of the WDM demultiplexer filters out a different 
spectrum slice of the light. At the receiver, the colourless wavelength locking receiver detects that 
slice of light (narrow spectrum) and automatically locks onto it, meaning that there is no manual 
assignment. It should be noted that this operation can be implemented both on the upstream link 
and on the downstream link, making it possible to have colourless wavelength locking lasers in 
both the local exchange and in the customer premises equipment, significantly improving the 
process of adding new subscribers. According to our interviews, colourless wavelength locking 
systems have been implemented for WDM PON systems by at least two different vendors. 

Modulators 

A signal can be used to directly modulate the carrier of the transmitter. Alternatively, the signal 
can be used to modulate a separate device to the transmitter (an electro-optic modulator), with the 
output beam from the transmitter being driven in continuous wave mode. The former approach is 
referred to as internal modulation and the latter as external modulation. Internal modulation can 
result in small, undesirable variations in the emitted wavelength, whilst external modulation allows 
the development of more advanced modulation techniques that control optical phase as well as 
amplitude. Consequently, external modulation is prevalent in higher bit-rate systems (2.5Gbit/s 
and above) but is more expensive to implement than direct modulation. 
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4.5.2 Optical receivers 

Photodetectors  

Photodetectors are usually based on semiconductor photodiode devices used for the detection of 
light. Incident light in a photodiode results in the generation of a current (known as photocurrent) 
the intensity of which is a function of the light intensity. Photodiodes are usually wideband 
receivers, meaning that they will detect light in a broad spectrum range (typically in a telecom 
window). An important attribute of photodiodes is their receive sensitivity which is the power 
threshold below which a signal cannot be detected. An increased receive sensitivity results in a 
decreased bit error rate or an increased distance for the same target bit error rate. 

There are two predominant types of photodiodes: positive-intrinsic-negative (PIN) photodiode and 
avalanche photo diode (APD). APDs rely on the ‘avalanche’ effect of free electrons striking atoms 
in the material, releasing other free electrons from these atoms. The number of free electrons thus 
increases rapidly as newly generated particles become part of the process. A PIN photodiode is a 
diode with a wide, lightly doped 'near' intrinsic semiconductor region between p-type 
semiconductor (positive) and n-type semiconductor (negative) regions.  

The main difference between a PIN photodiode and an APD is that in an APD the avalanche effect 
means that the received signal is naturally amplified within the device, whereas a PIN photodiode 
requires a high-speed trans-impedance amplifier to boost the photoelectron signal.  

Receiver filter 

As most photodetectors are wideband receivers, it is important that they only detect the portion of 
the spectrum that carries the signal they have to detect. For this reason, an optical filter is usually 
present in the receiver to filter out any unwanted signal that may be present in other parts of the 
spectrum. As with transmitters, filters can be either tuneable or fixed to receive a specific 
wavelength. Examples of tuneable filters include liquid crystal, electro-optic thermally and 
mechanically tuneable devices. There is generally a trade-off between tuning range and tuning 
time, and each of these generally offers a unique combination (with liquid crystal filters having the 
smallest tuning range but fastest tuning time). 

4.5.3 Photonic integrated circuits (PICs) 

Today, the vast majority of optical equipment vendors buy their components from large 
component manufacturers to benefit from economies of scale. Each of the components required to 
build an optical device are discrete and have to be assembled and connected on a printed circuit 
board.  
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Photonic integrated circuits (PICs) combine optical components e.g. transmitters, modulators or 
receivers, into a single chip.11

For example, Infinera have demonstrated a DWDM transmit PIC which integrated ten DFB lasers 
and ten 40G modulators onto a single PIC – a total transmission capacity of 400Gbit/s for long-
haul applications. This component, which unpacked is the size of fingernail, would typically 
require two to three racks of discrete optical devices in a conventional DWDM system to provide 
the same capacity. 

 The main drivers for such integration are considered to be both 
reduced cost and power consumption.  

PICs will become increasingly important as the transmission rate increases, as more and more 
components will be required in each optical device. A 10G transmitter, including a DFB laser 
source and a modulator, needs around five different components. In marked contrast, a 40G 
transmitter would require around 30 different components. Such an increase in the number of 
components is not sustainable if these discrete components are not integrated. 

Many components vendors are understandably cautious about developing PICs without the 
existence of standards. For this reason, the current work being undertaken by the Optical 
Internetworking Forum (OIF) on standardisation of 100Gbit/s transceivers, and also by the IEEE 
Task Force on monolithic PICs, is the focus of much attention. In June 2009, the OIF issued a 
framework document that outlined its plans to aid the development of 100Gbit/s long-haul 
DWDM equipment. The plans are broad in scope, and include such aspects as transceiver 
architecture, integrated photonics, electrical interfaces and FEC. 

Optical access network deployments are expected to be a catalyst for the development of PIC 
technology at a significant volume. This is due to the very high number of access networks and 
related components, which would potentially benefit from integration technologies.  

Summary  

Optical transmitters are characterised by a number of components including light sources 
(lasers) and modulators. There are several types of light source with different 
characteristics e.g. spectrum line widths or operating temperature range.  

The line width of the light determines the application the light source can be used for. A 
laser with a broad line width (i.e. Fabry Perot) is not suitable for DWDM applications and 
is more susceptible to chromatic dispersion, reducing the transmission distance. 

Temperature can significantly affect some light sources making them inappropriate to 
deploy in environments with no air conditioning e.g. at customer premises. 

                                                      
11  Using either monolithic integration (where the components are made from the same bulk material), or hybrid integration (which mixes 

materials). 
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Type of laser Strengths Weaknesses
Fabry Perot Cost effective Large spectral line width

Not suitable for long distances
Not suitable for DWDM

DFB Narrow spectral line width More expensive
Appropriate for long-distance transmission Temperature sensitive
Appropriate for DWDM
Can be tuneable
Available in all transmission bands

VCSE Cost effective
Can be tuneable
Narrow linewidth
Appropriate for long-distance transmission
Appropriate for DWDM
Now available in the C and L band

 

Optical receivers include optical filters and photodetectors. An important characteristic of a 

receiver is its receive sensitivity which determines the power threshold below which a 

signal cannot be detected. An increased receive sensitivity results in a decreased bit error 

rate or an increased distance for the same target bit error rate.  

There are two types of photodetectors – PIN and APD – their characteristics are 

summarised in the table below. 

Type of receiver Strengths Weaknesses

PIN Wideband receiver Requirement for a high-speed 
trans-impedance amplifier to 
boost the photo electron signal

APD Cheap Noisy performance
Wideband receiver
Internal amplification through avalanche process 
(intrinsic gain)
No need for trans-impedance amplifier

 

Photonic integrated circuits (PICs) consist of combining optical components into a single 

chip. PICs will yield significant equipment cost savings as well as lower power 

consumption. 

Applications that require a large number of components integrated onto a single PIC will 

benefit most e.g. the integration of WDM transmitters into a single chip. 

Optical access network deployments are expected to be a catalyst for the development of 

PIC technology due to the high volume of access networks and related components. 

However, PIC technology is still in its infancy, with only one equipment vendor using the 

technology in its long-haul solution. 
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4.6 Multiplexing technologies 

Multiplexing is an approach that allows different traffic sources to share the same medium, and 
therefore increase the aggregate capacity that can be carried in an optical fibre. There are two main 
approaches, which are not mutually exclusive:  

• Time division multiplexing (TDM): TDM signals carry aggregate traffic from many end 
users; each packet sent in the system is time multiplexed. In 1996, the maximum transmission 
rate was 2.5Gbit/s for national backbone systems, but modern long-haul systems operate with 
a transmission rate of 10Gbit/s or 40Gbit/s; a 100Gbit/s system should become commercially 
available as soon as 2010–2011.  

• Wavelength division multiplexing (WDM): A number of separate wavelengths can be used 
each carrying a separate channel. The idea of WDM systems is similar to that of increasing the 
number of lanes in our road analogy. Each wavelength channel can then operate at a rate well 
below the total rate transmitted by the fibre; the effect is to dramatically increase the capacity 
of the transmission link. This is especially useful where there is a lack of spare fibre in a route; 
by simply upgrading terminal equipment, the capacity of the link can be dramatically 
increased without having to install additional cables. Consequently, optical WDM networks 
have proved very popular. Modern WDM systems allow hundreds of high-speed TDM 
channels (10/40Gbit/s) to be multiplexed together on a single fibre. 

Below we describe time division multiplexing and wavelength division multiplexing in more 
detail.  

4.6.1 Time division multiplexing (TDM) technology 

The principle of TDM multiplexing is illustrated in Figure 4.18 below. 
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Figure 4.18: TDM multiplexing [Source: Analysys Mason, 2010]  
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As shown in Figure 4.18, time division multiplexing allows several signals to be interleaved in the 
time domain. For example, if there are four client signals, each at 2.5Gbit/s, the resulting 
aggregated signal will be 10Gbit/s. There is a limit to how many signals can be aggregated onto a 
single link dictated by the maximum line rate allowed in the aggregation link. Today, commercial 
transmission systems offer line rates of up to 40Gbit/s and 100Gbit/s systems could soon become 
commercially available. If more capacity is required, wavelength division multiplexing needs to be 
introduced, as explained in the next section. 

It should be noted that, in case of a native packet switching network, a multiplexing gain can be 
achieved because all client signals do not operate at their peak rate, meaning that the aggregated 
link can be slower. 

4.6.2 Wavelength division multiplexing (WDM) technology 

Basic principles 

Wavelength division multiplexing (WDM) enables the multiplexing of several TDM signals along 
the same fibre in the frequency domain (in our road analogy the number of simultaneous channels 
equates to the number of lanes), significantly increasing the capacity–distance product. The 
principle of WDM is illustrated in Figure 4.19, where each of the three TDM channels (which 
could be 10Gbit/s each) are modulated using different wavelengths and multiplexed together, then 
demultiplexed at the receive site using a WDM demultiplexer. Each wavelength propagates 
independently.  
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Figure 4.19: Wavelength division multiplexing [Source: Analysys Mason, 2010]  

One of the central components of WDM systems is a transponder. A transponder is a four-port 
device (one Rx and one Tx for both the line side and the client side) used to adapt an optical signal 
of unspecified wavelength to a specific wavelength. In other words, transponders perform an OEO 
conversion.  

To illustrate the operation of a transponder, let us consider the first transponder in site 1 in Figure 
4.19 whose ports are numbered 1 to 4 in red circles. Downstream, a signal is received from the 
switch onto port (1) of the transponder. The signal received is usually at 1310nm (called grey 
optics because it is not a WDM wavelength). The signal undergoes an OEO conversion and is re-
transmitted on wavelength λ2 in port 2 of the transponder on the line side. The wavelength is then 
multiplexed into the WDM system using a WDM multiplexer, where the signal will eventually 
reach its destination. Upstream, the transponder receives wavelength λ1 on port 3 from site 2. The 
optical received signal undergoes an OEO conversion and is then transmitted to the switch on port 
(4) at a wavelength of 1310nm (grey optics).  

A key point is that the transponder only needs to operate at speeds well below the total 
transmission rate for the fibre, which reduces the demand placed on discrete components. This is 
especially important at network nodes where OEO conversions take place.  

Another central component in WDM systems is the wavelength multiplexer/demultiplexer. As 
explained above, WDM multiplexers are used to multiplex several wavelengths along a single 
fibre. WDM multiplexers are often implemented using arrayed waveguide grating (AWG) devices. 
An AWG device (illustrated in Figure 4.20 in the context of wavelength demultiplexing) is a 
passive device, based on the fundamental principle that wavelengths interfere constructively and 
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destructively with each other. The diagram labels five stages (1–5). Firstly, incoming light with all 
wavelengths: 

1) traverses a free space  
2) enters in number of channel waveguides  
3) each has a different length. 

Variation in length of each waveguide means that the output wavelengths have differing phases. 
Each signal then traverses another free space (4) and, based on the principle that the interference of 
two light waves of the same wavelength but 180 degrees out of phase is fully destructive, each 
output port (5) only receives light of a particular wavelength. This process is demultiplexing.  

Multiplexing wavelengths into a single fibre can be achieved using the same device, but reversing 
the process by using output ports as input ports.  
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Figure 4.20: Arrayed waveguide grating device [Source: Analysys Mason, 2010] 

Coarse WDM and dense WDM systems 

WDM systems are classified into two groups based on the spacing of the wavelengths multiplexed: 

• coarse WDM (CWDM) systems, which typically support fewer than 16 multiplexed 
wavelengths per fibre 

• dense WDM (DWDM) systems, which typically support more than 32 multiplexed 
wavelengths per fibre and up to 320 wavelengths per fibre in long-haul applications.  

CWDM systems are generally less sophisticated (and hence less expensive) than DWDM. A 
typical optical transmitter for CWDM systems is a Fabry Perot laser. The ITU has developed a 
20nm channel spacing grid for CWDM, as specified in G.694.2, using signal wavelengths between 
1271nm and 1611nm. This is illustrated in Figure 4.21. The resulting CWDM can support up to 16 
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channels per fibre. It is important to note that low water absorption peak fibre (e.g. ITU G.657) is 
preferable for CWDM since it uses the E band. The large channel spacing was designed to 
establish a cost-efficient WDM framework able to accommodate less sophisticated (i.e. less 
expensive) lasers that have a high spectral width and/or exhibit large thermal drift (a change in 
temperature which means a change in output wavelength). This thermal drift tends to limit the 
frequency stability of the laser. CWDM is typically used in lower-level infrastructure such as in 
metropolitan applications (e.g. connecting to DWDM express links) or access applications (e.g. 
rings, PONs). 

 

 

Figure 4.21 ITU G.694.2: 20nm CWDM grid [Source: ITU] 

DWDM tends to be used at a higher level in the network infrastructure due to its greater capacity. 
The ITU has specified a frequency grid for DWDM systems which consists of 0.8nm (100GHz) 
channel spacing, in standard ITU G.692. For practical purposes the grid has been extended to 
provide 50GHz (0.4nm) and 25GHz (0.2nm) spacing. Today, some commercial DWDM systems 
use the 25GHz grid and can provide up to 160 wavelengths in the C band and will be able to 
provide an additional 160 wavelengths in the L band. An example of a 32 wavelength system 
using the 100GHz grid is illustrated in Figure 4.22.  
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Figure 4.22: ITU 100GHz DWDM Grid [Source: Analysys Mason, 2010]  

It should be noted that it is only practical to implement DWDM systems within the C and L 
bands.12

Because of the smaller channel spacing, laser transmitters used in DWDM systems need to be 
significantly more stable than those used in CWDM systems. They must also be designed with 
precise temperature control to prevent drift from the very narrow centre wavelength. A typical 
light source for DWDM is a DFB laser. The higher cost of using such lasers is a major factor in the 
higher cost of implementing DWDM systems.  

 

Vendors using the same wavelength grid may choose different standardised wavelengths to 
implement their DWDM solution, leading to interoperability issues. DWDM systems of different 
vendors are generally not interoperable anyway as they each implement proprietary features to 
differentiate their solutions. The latter issue is alleviated by the adoption of the optical transport 
network (OTN) standard which specifies how each the header of each wavelength is structured.13

Long-haul, metropolitan and access WDM systems 

  

 Long-haul systems 

Long-haul systems are usually deployed on a point-to-point (PTP) topology because it would be 
too expensive to provide path-distinct fibre routes over long distances (typically thousands of 
kilometres) to form a ring. 

DWDM technology is traditionally deployed in long-haul and metro networks. This is primarily 
due to the high capacity required in the core network and relatively high cost. For example, long-
haul technologies have been used to bridge long distances (several thousands of kilometres) 

                                                      
12  The ITU wavelength grid is also defined for the S band but due to the lack of optical amplifiers operating in this band, DWDM 

equipment vendors do not use the S band. 

13  Further information on OTN can be found in http://www.itu.int/ITU-T/studygroups/com15/otn/OTNtutorial.pdf. 

http://www.itu.int/ITU-T/studygroups/com15/otn/OTNtutorial.pdf�
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between local exchanges, for example between two major cities. These solutions employ high-
performance optical components to enable sufficient reach, have a large wavelength count, use 
high-powered optical amplifiers and typically are designed for 10Gbit/s, 40Gbit/s and 100Gbit/s 
traffic. For instance long-haul systems use externally modulated lasers because of the very high 
transmission rates. 

 Metropolitan systems  

A metropolitan ring can be just a few kilometres to 200km. Metropolitan DWDM networks 
employ similar optical modulation schemes to those used in long haul but with lower transmission 
rates typically 2.5G and 10Gbit/s.  

In metro applications that do not need a wavelength count of more than 16 wavelengths, CWDM is 
also used, which significantly lowers the cost compared with an equivalent DWDM solution. 

WDM metro networks are usually deployed in a ring topology to improve resilience, providing 
two path-distinct routes from any node to any other node on the ring. Current WDM metro 
networks can also use reconfigurable optical add-drop multiplexer (ROADM) filters, which 
provide some flexibility in the network to allocated wavelengths (i.e. remotely configured from the 
network operations centre (NOC)) and reduces opex relating to network configuration/re-
configuration. 

 Access systems 

Given the relatively high cost of DWDM technology, highly scalable cost-effective WDM 
solutions have not appeared in the access portion of the network. One way to increase cost 
effectiveness is to move away from the PTP systems to shared ones, which are more economical 
for delivering smaller information payloads to/from end users. Such passive optical networks 
(PONs), as defined by ITU-T and the Full Services Access Network (FSAN) Group, are beginning 
to be deployed and a number of vendors offer proprietary WDM PON (see Section 5.5) based on 
cost-effective DWDM laser technology, where distance is balanced with cost. 

Transmission distances in access networks are significantly lower than in metro and long-haul 
networks, which significantly impacts the type of transmitter and receiver than can be used. The 
following section describes the implication of shorter distances for access networks in terms of the 
type of equipment that can be used, which is key to this study. 

Summary  

Wavelength division multiplexing (WDM) is a key technology enabler, as it allows several 
high-speed TDM channels to be multiplexed together on a single fibre, by separating them 
in the frequency domain. It significantly increases the capacity–distance product.  

Coarse WDM (CWDM) supports fewer than 16 multiplexed wavelengths per fibre. 
CDWM systems are cheaper and less complex to implement than their DWDM 
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counterparts. CWDM wavelengths have been standardised by the ITU (G.694.2). As 
CWDM uses the spectrum where a water absorption peak occurs, it is important that fibre 
with low water absorption peak characteristics (e.g. G.652.D) is used to improve reach.  

Dense WDM (DWDM) systems can support up to 320 multiplexed wavelengths per fibre. 
DWDM wavelengths have been standardised by the ITU (G.692). DWDM transmitters 
supporting a 50GHz/25GHz grid spacing are expensive due to stability and narrow line 
width characteristics.  

In WDM, adherence to standards does not guarantee interoperability. Transponders are 
central to WDM systems as they take an input signal from a non-WDM wavelength and 
convert this signal into a specific WDM wavelength through OEO conversion. Different 
WDM systems are used according to the deployment environment: long-haul, metropolitan 
or access. 

4.7 Implications for the access network  

In this section, we comment on the general characteristics of optical systems. However, since the 
focus of our study is the access network, it is important to understand to what degree each of these 
network characteristics currently or will affect fibre-based access networks. 

First we explain that how the technology currently used in FTTH networks is a compromise 
between performance and cost. We then provide an insight into how access networks provide a 
favourable transmission environment by analysing the impact of the technology limitations on the 
capacity–distance product.  

4.7.1 FTTH technology: a compromise between performance and cost 

An important point is that all of the potentially adverse effects in optical transmission systems 
described in this section have already been overcome in long-haul networks, using a very large 
number of wavelengths (typically more than 60) at transmission rates exceeding 10Gbit/s, and for 
distances greater than 1000km. This was achieved by a combination of specific optical 
components and fibre technology innovation. The inherent scale associated with long-haul 
networks implies that, although it uses state-of-the-art optical components and fibre, the unit cost 
per Gbit/s.km is relatively low (typically lower than USD8 per Gbit/s.km for 32 wavelength 
systems and above). However, the access network does not benefit from this scale, as typically 
each FTTH end user is connected to a 100Mbit/s service, which is two orders of magnitude less 
than the transmission rate of a typical long-haul wavelength and just a fraction of the transmission 
distance. Therefore, using long-haul technology in the access network would cost tens of 
thousands of US dollars per user, which would not be viable for operators. 
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Also, it is important to understand that the long-haul technology currently available cannot easily 
be re-engineered (streamlined) to reduce the cost to a level that would make a favourable business 
case for an operator to deploy the technology. This is because the access network offers unique 
challenges, such as less-controlled environments (e.g. less temperature control and physical 
protection) and the requirement for mass-market ‘plug-and-play’-type products. Nevertheless, the 
risks for system vendors are considered to be more commercial than technological; they have to 
implement product development programmes which drive the cost-reduction process to deliver 
products into the marketplace at the right time. 

A new cycle of technology innovation has begun for FTTH networks, which takes advantage of 
the low transmission rate requirements and short distances. This considerably relaxes the 
requirements on the underlying enabling technologies compared with long-haul environments. 
These FTTH systems are designed and engineered as a compromise between system 
performance and cost.14

In Section 

 

4.7.2 below we explain in detail how the favourable transmission conditions (i.e. shorter 
distances and lower traffic requirements in access networks) significantly relaxes the requirements 
placed on system elements. 

4.7.2 Favourable transmission conditions in access networks 

The access and long-haul networks can be analysed in terms of the levels of undesirable optical 
effects that occur, namely: 

• attenuation  
• dispersion  
• non-linear effects 
• optical signal to noise ratio (OSNR). 
 
Figure 4.23 shows how each of these effects impacts the capacity–distance product and is a 
reminder of where we discuss the technologies and transmission characteristics in this report.  

                                                      
14  An example is the transmitters used in FTTH PTP systems, which can only achieve 10km for line rates of 100Mbit/s/1Gbit/s (see 

Section 5.6). The technology exists to transmit the same line rate over greater distances (e.g. the Gigabit Ethernet interface 1000 
Base ZX can transmit over 70km without any amplification or regeneration). but this technology is more expensive. 
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Figure 4.23: Impact of technologies on the capacity– distance product for long-haul and access networks [Source: Analysys Mason, 2010]
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As shown in Figure 4.23, the long-haul and access networks are not affected to the same degree by 
the transmission characteristics of an optical fibre system. For instance, long-haul networks are 
particularly affected by attenuation and polarisation mode dispersion (PMD) as attenuation is 
particularly sensitive to transmission distance and PMD to both distance and transmission rate. 
This is in marked contrast to access networks where transmission distances that are significantly 
shorter than in long-haul networks and have less traffic than long-haul networks. 

Below we relate these two favourable conditions offered by the access network to the capacity–
distance product. 

Distance-related issues 

 Effect on fibre 

Those spectrum ranges that suffer from greater attenuation, and therefore could not be used over 
longer-distances, could be used for the access network. This offers the possibility of using several 
telecom windows, and not just the lowest-attenuation third telecom window as used in long-haul 
systems. CWDM already exploits this characteristic to an extent. Lower accumulated dispersion 
means that there is less of a requirement to operate at the near-zero dispersion wavelengths which 
implies that the cost effective G.652 (G.652.D if possible) fibre is practical to use. For PMD, the 
accumulated level is smaller and less likely to be an issue in access networks although the 
increasing transmission rates may change that, especially when transmission rate of 40Gbit/s and 
above will be used in the access network (not likely in the short to medium term). Non-linear 
effects are likely to be less prominent in access networks as less power is required to cover the 
shorter distance. 

 Effect on detection and modulation 

Reduced accumulated attenuation and dispersion allows greater optical power and an improved 
OSNR. The need for optical amplification is also typically eliminated, removing a major source of 
noise (see below ‘Effect on optical amplification’). All of these factors reduce bit errors at the 
receivers. Reduced non-linear effects mean that the potential information spectral density (ISD) 
will be higher than for long-haul systems (see Figure 4.8). However, since capacity requirements 
in the access network could be met by simply increasing the baud rate (due to much less 
accumulated dispersion and attenuation in the access than in long-haul), there is the possibility of 
using simple coding schemes and therefore cheaper line coders (see Section 4.4.1).15

 

 

                                                      
15  Conversely, to achieve a given capacity, more expensive (many-level) coding schemes may be used to further relax requirements on 

other elements of the transmission system. 
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 Effect on transmitters and receivers 

Reduced accumulated dispersion means that broader line-width light sources (lasers) can be used 
(e.g. Fabry Perot lasers), which are significantly cheaper than narrow line-width lasers (e.g. DFB 
lasers). Also, the requirement for electronic dispersion compensation technology is significantly 
reduced as well as the requirement for FEC which introduces overhead in the line signal. In 
general, lower performance and cheaper transceivers can be used.  

 Effect on optical amplification 

Reduced accumulated attenuation means that the need for optical amplification is significantly 
reduced, such that the constraint of commercial availability of amplifiers that operate in only the C 
and L bands is eliminated. It also means that a larger spectrum range can be exploited without 
needing to develop optical amplifiers for O, E, S and U bands, as is the case with core networks. 

Finally, as optical amplification is not required, a major source of noise is eliminated, improving 
the OSNR and thereby enabling signals at a higher transmission rate to be detected with the same 
target bit error rate.  

Traffic-related issues 

Traffic levels are likely to be relatively low compared to metro and long-haul networks, where the 
traffic is aggregated. Consequently, if WDM systems are deployed to end users, the transmission 
rate of each wavelength will be a fraction of that required in the metro/long-haul networks. This 
means that less sophisticated transmitters can be used in the access (typically operating at 
100Mbit/s today), leading to simpler and more cost-effective transmitter/receiver devices.  

Other considerations 

Access networks offer much higher potential volumes of equipment than any other networks as 
there will be more terminations of optical signal in the access fibre networks than metro/long-haul 
networks. The prospect of a large, expanding access market should drive the development of new 
technologies. We are already seeing significant innovation from fibre manufacturers, developing 
optical fibres that target the access network (e.g. development of G.657 fibre to ease fibre 
installation in constrained environments as explained in Section 4.2.2). The same trend should 
occur with component manufacturers, who will develop photonic integrated circuits (see Section 
4.5.3), which are expected to offer both reduced cost and power consumption. Also, critical to the 
mass-market adoption is the development of plug-and-play units, as typical end users do not want 
to get involved with the configuration of devices. The development of such devices will also help 
operators to increase their operational efficiency (i.e. customer device commissioning).  
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5 Fibre-to-the-home (FTTH) technology review 

This section provides a detailed analysis of infrastructure deployment options for fibre, including 
terrestrial (duct) and aerial infrastructures, which can be used for fibre-to-the-home (FTTH) 
networks. We then define three depths of fibre deployment: fibre-to-the-cabinet (FTTC), fibre-to-
the-building (FTTB) and FTTH and examine FTTH architecture options (TDM PON, WDM PON 
and PTP). The section concludes with a technical comparison of the architectures. 

Please note that the FTTH Council has released an FTTH Handbook16

5.1 Infrastructure deployment options 

 that describes in detail each 
of the aspects associated with the physical FTTH infrastructure, illustrated by numerous 
photographs. In order not to replicate the description and the associated analysis provided by 
FTTH Council, this section will provide an overview of the physical infrastructure, referring to the 
FTTH Handbook whenever appropriate.  

Terrestrial infrastructure 

Terrestrial duct infrastructure is the most conventional method of underground cable (fibre) 
installation and involves the creation of a duct network to enable the subsequent installation of 
cables by pulling, blowing or using flotation techniques. A duct may be a single, large duct into 
which cables are progressively pulled one over the other as the network grows, or a large duct 
which may contain smaller sub-ducts used for installing a single cable. The advantage of ducts is 
they allow access to reconfigure or add to the cables installed. 

Alternatively, cables might be buried, which does not allow extra fibre cables to be added without 
having to undertake major civil works. Figure 5.1 provides a summary of types of terrestrial ducts 
and cable configuration. 

                                                      
16  “FTTH Handbook”, Deployment & Operations Committee, FTTH Council, February 2009, available at: 

http://www.ftthcouncil.eu/documents/studies/FTTH_Handbook.pdf. 

http://www.ftthcouncil.eu/documents/studies/FTTH_Handbook.pdf�
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Figure 5.1: Terrestrial ducts and cables [Source: FTTH Council] 

Each of these options, as well as the impact the different installation methods is reviewed in detail 
in the Section 9.1 of the FTTH Handbook. 

In addition to the types of cable described in Figure 5.1, small tubes can be installed in the 
ducts/sub-ducts, to accept individual fibres. The small tubes are usually referred to as micro-ducts 
and the fibre to install in them as micro-cable. A detailed overview of micro-ducts and micro-
cables can be found in Section 9.2 of the FTTH Handbook. The advantage of such infrastructure is 
that it allows the infrastructure provider/operator to defer investment because it can install an 
individual fibre only when a new subscriber requires it. 

Aerial cable infrastructure 

In conventional FTTH networks, the feeder cable is usually designed to use terrestrial 
infrastructure. However, the drop cables used in the final link to customer may be designed to use 
either terrestrial or aerial infrastructure. In the UK, aerial cable is not used due to a resistance from 
local authorities to grant planning permission due to the visual impact. For a full description of 
aerial systems, as well as the considerations required when designing such systems, see Section 9.4 
of the FTTH Handbook.  

Other infrastructure options 

Re-using existing infrastructure is increasingly popular when deploying FTTH networks as doing 
so can significantly reduce deployment costs. Infrastructure options include: 
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• sewer systems 
• gas pipes (fibre-in-gas) 
• water pipes 
• canals and waterways 
• underground and transport tunnels. 

Each of these options is described in detail in Section 9.6 of the FTTH Handbook. 

Internal cabling and customer premises equipment  

Indoor cables can be used from the point of entry and may be for short runs (e.g. in a house) or 
long runs (e.g. throughout a large building). These may range from single-fibre, possibly pre-
connected cables, to multi-fibre designs using tight-buffered or loose-tube designs. There are also 
micro-duct blown fibre versions for indoor uses. There are a number of tubing distribution and 
breakout devices available that connect and distribute in-building tubes. A comprehensive 
description of these cabling technologies can be found in Section 9.7 of the FTTH Handbook. 

Customer premises equipment (CPE), also termed optical network terminal (ONT) denotes the 
point at which the passive network terminates and the active equipment is installed. The fibre is 
terminated inside the CPE with appropriate connectors. The position of the CPE depends on the 
network. Some networks have the CPE mounted externally to aid access and maintenance. Other 
networks ensure the active equipment is close to the equipment it will feed and position it within 
the premises. For multi-dwelling units (MDUs) the CPE may also be positioned in a basement or 
on a particular floor. 

5.2 FTTH network architectures 

In next-generation fibre access, there are commonly three extents of fibre deployment, collectively 
known as FTTx, where x represents one of the configurations below. 

• Fibre-to-the-cabinet (FTTC) involves shortening the copper local loop by connecting all 
street cabinets to the local exchange using fibre. The technology used for FTTC-based access 
networks is VDSL/VDSL2. 

• Fibre-to-the-building (FTTB) is equivalent to FTTC but with fibre connected all the way to 
the building, where active Ethernet equipment delivers the last few metres over internal copper 
wiring. 

• Fibre-to-the-home (FTTH) when the copper loop is not used and the end user is connected 
directly to fibre.  

In this report, we will concentrate on FTTH architectures, illustrated in Figure 5.2. 
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Figure 5.2: FTTx architectures [Source: Analysys Mason, 2010]  

Next generation access (NGA) networks are characterised by an attempt to shorten or remove the 
copper local loop, which represents a major technical bottleneck in providing ever-increasing 
bandwidth. In developed countries, a number of factors have led to incumbent operators deploying 
NGA networks based on FTTx architectures, namely the increasing competition from cable access 
providers based on the upgrade of DOCSIS to version 3.0, and the ever-increasing demand for 
bandwidth. Fibre-based infrastructure also helps fixed telecoms operators to differentiate their 
offer from mobile broadband services.  

Infrastructure providers wanting to deploy an FTTH network have two options for physical 
topology: 
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• passive optical network (PON) topology 
• point-to-point (PTP) topology. 

Below we describe these in more detail. 

5.2.1 Passive optical network (PON) architecture  

A passive optical network (PON) is a point-to-multipoint, FTTH-based architecture, in which un-
powered (passive) optical splitters are used to enable a single optical fibre to serve a number of 
subscribers (typically 32 or 64). Other PON components include the optical line terminal (OLT) at 
the infrastructure provider’s local exchange and the optical network units (ONUs) also referred to 
as optical network terminals (ONTs) located with the end users. These components are illustrated 
in Figure 5.3. 
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Figure 5.3: Passive optical network (PON) architecture [Source: Analysys Mason, 2010] 

In a PON, the single fibre between the OLT and the passive splitter is shared by all customers 
connected to the PON, significantly reducing the requirements on the number of fibres in the 
network.  

The active layer is defined as all electronic components in the network. There are three principal 
options for implementing the active layer for PON:  

• Ethernet PON (EPON) is an IEEE/EFM standard for using Ethernet in the last mile standard 
(IEEE 802.3ah). EPON is applicable for data-centric networks, as well as full-service voice, 
data and video networks. EPON is less popular in Europe and in the USA than in Japan and 
South Korea where it dominates. The current download/upload speed of EPON is 1Gbit/s. 
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• Gigabit PON (GPON) is an evolution of the Broadband PON (BPON) standard and its 
standardisation is supported by the ITU and the FSAN Group. GPON can provide 
asymmetrical bandwidth with 2.5Gbit/s downstream and 1.25Gbit/s upstream, shared between 
all subscribers on the same fibre.  

• Wavelength division multiplexed PON (WDM PON) consists of dedicating a wavelength 
and associated bandwidth to every user connected to a PON, providing dedicated bandwidth 
over a shared infrastructure. The WDM PON standardisation body is the FSAN Group but the 
technology has not been standardised yet, although some operators have already deployed 
proprietary solutions from leading vendors. 

EPON and GPON systems are collectively referred to as TDM PON architecture because they 
both rely on time division multiplexing (TDM) technology, explained further in Section 5.4. This 
is in contrast to WDM PON systems, which use frequency to separate users’ signals.  

5.2.2 Point-to-point (PTP) architecture  

PTP architecture is based on existing Ethernet technology – a dedicated fibre with dedicated 
capacity is deployed from the local exchange to the premises for each individual user. This is 
illustrated in Figure 5.4. 
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Figure 5.4: Typical PTP architecture [Source: Analysys Mason, 2010] 
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5.3 FTTH architecture classification 

FTTH systems can be classified according to: 

• the physical network topology (shared or dedicated) 
• the nature of offered bandwidth (shared or dedicated). 
 
TDM PON offers shared bandwidth between up to 64 users over a shared tree architecture. PTP 
networks offer dedicated bandwidth over dedicated fibre for each user. WDM PON provides the 
best of both worlds as it provides dedicated bandwidth to each user (through the allocation of a 
wavelength) over a shared PON architecture. We also include an example of architecture which 
provides shared bandwidth over a dedicated medium – active Ethernet – but as it is not an FTTH 
technology, we do not focus on it.  

Figure 5.5 illustrates how FTTH architectures can be classified. Below we review each of these 
FTTH technologies in detail. 
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Figure 5.5: Classification of FTTH architectures [Source: Analysys Mason, 2010]  
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5.4 TDM PON  

5.4.1 Standards and timescales 

The Full Services Access Network (FSAN) Group, led by operators, has defined a series of PON 
technologies later carried as ITU recommendations. These recommendations include APON (ATM 
PON), BPON (Broadband PON) and GPON, which provide 2.5Gbit/s downstream and 1.25Gbit/s 
upstream for a maximum of 64 optical network terminations (users in the case of FTTH). The ITU 
recommendation for GPON is the ITU G.984 standards series, which were first approved in 2003. 
It is estimated that 2 million GPON ports are currently deployed.17

The standardisation of the next generation of PON (NG-PON) will be defined in two steps. 

 

• NG PON 1 will standardise 10G GPON (or XG PON18

• NG PON 2 will include the standardisation of WDM PON but its scope has not yet been fully 
agreed by the FSAN Group. 

) technology, focusing on compatibility 
with current GPON infrastructure. NG PON 1 will also standardise extended-reach 
architecture options, using current GPON extensions under definition in ITU-T G.984.6. 

In the NG PON 1 timeframe, two types of XG PON will be defined. A 10G GPON with 10Gbit/s 
downstream and 2.5Gbit/s upstream will be defined under XG PON 1. A symmetrical version of 
10G GPON (10Gbit/s downstream and upstream) will be standardised. The symmetrical version of 
10G PON will be known as XG PON 2. The approval of the XG PON 1 standards is expected 
towards the end of 2010 and the approval of the XG PON 2 standards is expected towards the end 
of 2011/12. 

NG PON 2 will be a longer-term initiative. The timeframe for having a first ITU-T 
recommendation is expected to be the end of 2012 to 2013, which is also currently the timeframe 
expected for WDM PON to be standardised. It should be noted that a number of operators within 
the FSAN Group have already expressed an interest in standardising WDM PON options. 

IEEE and EPON 

In June 2004, the IEEE approved the EPON standard with a 1Gbit/s symmetrical bit rate; the 
standard is known as Ethernet in the last mile (IEEE 802.3ah). The first EPON deployment was 
in 2004/2005, with Japan leading the market and today it is estimated that 15 million EPON19

                                                      
17  FTTH Council, 2009. 

 ports 
are deployed worldwide. 

18  X meaning the Roman numeral ten, as determined by industry convention.  

19  World FTTx Markets, FTTx Yearbook 2009, IDATE Consulting and Research, 2009. 
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The next generation of the IEEE family of PON is the 10 GEPON (Gigabit Ethernet PON) which 
is backward compatible with 802.3ah EPON. It will be standardised by the IEEE P802.3av task 
force, which began work in 2006 and expect standard approval by September 2009.  

In the rest of this section, we will focus on GPON as it is the dominant TDM PON technology 
adopted in the European market. 

5.4.2 GPON system characteristics 

Figure 5.6 is a diagram of a GPON system. For the downstream, the optical line terminal (OLT), 
located in a local exchange, transmits all data to all subscribers. On the subscriber’s side, the 
optical network terminal (ONT), operating at the same transmission rate as the OLT, receives the 
information and selects data that is destined for it.  
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Figure 5.6: Downstream and upstream operations in a GPON system [Source: FTTH Council] 

For the upstream, the bandwidth is shared between the users in the time domain and the system 
assigns specific timeslots to each user to allow the upstream bandwidth to be shared between all 
users. Protocols and security mechanisms have been implemented by GPON vendors to prevent 
ONTs transmitting outside of their allocated timeslots, which would prevent other ONTs 
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operating. However, if a non-standard ONT is connected to a GPON branch by a malicious user, it 
could transmit in any timeslot, creating a denial of service (DoS) attack for the legitimate 
subscribers connected to that GPON.  

The two main attributes of GPON systems for operators/services providers are reach and split 
ratio, where the reach is the maximum transmission distance and split ratio is the maximum 
number of subscribers that can be connected to the PON system.  

The ITU standard defines classes of optics by cost and reach. GPON today provides a 20km reach 
with a 28dB optical budget (class B+ optics). Reach can be extended to 30km by limiting the 
splitting factor (max 1:16). Class C+ optics are already standardised (32dB optical budget) and 
extend the reach of a GPON system by 10km (or allow the split ratio to be doubled). The ITU 
standards sets the upper limit of distance at 60km but it is unlikely that a 32/64 splitter based 
system will achieve this range, even when using superior class C+ optics.  

Operators prefer as many customers as possible to be connected to a single OLT port, in order to 
distribute the cost of the OLT across all customers served. This desire drives up the number of 
splits in the passive splitter. However, increasing the number of splits also reduces the distance the 
signal can travel as it increases the system’s loss parameters. Therefore, an increased number of 
splits results in a reduced transmission distance for the system.  

For example, doubling the split ratio results in an additional 3dB penalty in the link budget, which 
is equivalent to approximately 10km of fibre attenuation. Due to this compromise, current 
deployments typically use 32 or 64 way splitters. In any case, increasing reach and split ratio 
cannot be obtained simultaneously for a given link budget. 

Figure 5.7 summarises the main characteristics of GPON. 

Characteristic Value 

Downstream speed 2.5Gbit/s 

Upstream speed 1.25Gbit/s 

Typical split ratio 32 or 64 

Typical range20 20km   

Downstream spectrum 1480–1500nm  

Upstream spectrum  1290–1330nm 

Maximum range 60km 

Figure 5.7: GPON characteristics [Source: Analysys Mason, 2010] 

Deployment options 

Depending on the density of subscribers, GPON can be deployed using a single splitter or two 
splitters per branch.21 Figure 5.8 This is illustrated in . 

                                                      
20  Class B+ optics. 
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Figure 5.8: Splitter deployment options [Source: FTTH Council]  

In very dense MDUs (more than 24 households), it may be optimal to adopt a single splitter 
architecture located as close as possible to the MDU to minimise the amount of fibre. In less dense 
areas, with many single tenancy households, it may be optimal to adopt a two-splitter architecture 
to better map geographical pockets of end users and optimise the total amount of fibre needed.  

Equipment implementation 

Vendors have implemented standard GPON systems with various port densities but are typically 
able to provide 32 to 64 OLT ports per chassis. This translates into 2048 to 4096 GPON 
subscribers per chassis, assuming 64 users per OLT. Provided that three chassis can be fitted into 
an ETSI rack22

                                                                                                                                                                
21  This argument is currently being debated within the FTTH community; therefore this example is only illustrative. 

, a total of 6144 to 12 228 subscribers can be accommodated per ETSI rack, in a 
600×600mm footprint.  

22  ETSI Rack footprint is defined as 600×600×2200mm. 
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Extended-reach GPON 

The reach of current standard GPON systems is 20km. As discussed above, an increase in the 
reach of GPON system means more households can be served by a single local exchange which 
ultimately results in the consolidation of local exchanges used to provide GPON services. The 
FSAN Group is expecting to standardise long-reach PON in the NG PON 1 timescale (see Section 
5.4.1). 

There are two schools of thought on how reach could be extended, both involving active 
equipment in the field. 

• The first solution is based around optical amplification where erbium-doped fibre amplifiers 
could be installed in the field to re-amplify (1R) the signal in the optical domain. (see Section 
4.6.5). 

• The other approach is based on electrical regeneration, where the signal would have to 
undergo a full 3R regeneration, involving an OEO conversion (see Section 4.3.4). 

Both solutions have a negative effect on the operator’s opex and go against the philosophy of 
passive optical networks (PON) by including active equipment in the field. The 1R solution has 
the advantage of amplifying all optical signal present in the fibre. The 3R solution is more 
expensive and will only enable the regeneration of individual signals (since it is achieved at the 
electronic layer), meaning that if more wavelengths are added to the system, additional equipment 
may be required. However, in terms of quality, the 3R regeneration is the better option. 

5.4.3 10G GPON (XG PON)23

Standardisation 

  

As mentioned in Section 5.4.1 the FSAN Group’s XG PON 1 (10Gbit/s downstream and 2.5Gbit/s 
upstream) specification is currently under definition and should be completed by the end of 
201024

 

; the first standardised systems are expected to be commercially available in 2011. The 
XG PON 2 (symmetrical 10G PON) standards are expected to be ratified in 2011/2012 with 
deployment one year later. 

XG PON 1 will keep the cost of the CPE down, as it will only require a 2.5Gbit/s laser. The 
XG PON 2 means that the CPE will have to accommodate 10Gbit/s laser technology but the cost is 
currently too high for the access market. There is also the more fundamental question of whether 
there is sufficient demand for 10Gbit/s upstream; this is explored in Section 8. 

                                                      
23  X meaning the Roman numeral 10, adopted as a convention by industry. 

24  Estimate provided by FSAN Group. 
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Functional description and standards 

The functional description of 10G GPON is similar to that of existing GPON systems already 
described. Figure 5.9 provides a summary of the expected evolution. 

 

 

Figure 5.9: Evolution of GPON systems [Source: Alcatel Lucent] (Note: BW = bandwidth, CO = 

central office, i.e. local exchange) 

Deployment options and upgrade of current systems 

Since GPON and 10G GPON systems operate using different frequencies (wavelengths) in the 
fibre, the two systems can co-exist in the same PON. This is illustrated in Figure 5.10 below. 
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Figure 5.10: Co-existence of GPON and 10G GPON in the same infrastructure [Source: Alcatel Lucent] 

(Note: OSP = optical splitter site, WBF = wavelength blocking filter])  

As illustrated in Figure 5.10, a WDM multiplexer can be inserted at the OLT site to multiplex the 
GPON and XG PON downstream into the same fibre. In a similar way, GPON and 10G GPON 
upstream co-exist in the fibre and are demultiplexed by wavelength at the OLT site. It should be 
noted that ONTs have a wavelength blocking filter (WBF) that will filter out any unwanted 
wavelengths (the wavelength of GPON systems the ONT is not connected to). It should be noted 
that GPON ONTs will not support XG PON.  

A summary of the characteristics of XG PON is provided in Figure 5.11. 

Characteristics Value 

Downstream speed  10Gbit/s 

Upstream speed  2.5 -> 10Gbit/s 

Typical split ratio 32 / 64 -> 128 

Typical range  20/30km 

Downstream spectrum  1575–1580nm  

Upstream spectrum  1260–1280nm  

General availability (standard solution) 2011 

Figure 5.11: 10G GPON characteristics [Source: Alcatel Lucent] 

From Figure 5.11, it can be seen that the spectrum allocated for the upstream (20nm) is 
significantly larger than the spectrum allocated for the downstream (5nm). This is because in the 
customer premises, the ONT equipment is not usually temperature controlled. Therefore, lasers in 
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the ONT will have a much larger spectrum (line width) which makes them more tolerant to 
changes in temperature (see Section 4.5.1 for more detail on optical transmitters). 

5.5 WDM PON  

5.5.1 Standards and timescales 

WDM PON systems are a significant advance in passive optical networking as they enable the 
provision of dedicated bandwidth over a shared medium. WDM PON can currently deliver 
100Mbit/s. WDM PON architecture is defined as part of the NG PON 2 standardisation wave and 
is not expected to be standardised by the FSAN Group before 2013.25

6.7

 Despite this, a number of 
proprietary WDM PON solutions are currently offered by several vendors. WDM PON systems 
have been deployed in the field by operators in South Korea (Korean Telecom) and in the 
Netherlands (Unet), see Unet case study in Section .  

5.5.2 WDM PON system characteristics 

A typical WDM PON architecture, based on transponders, is provided in Figure 5.12. 
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Figure 5.12: WDM PON architecture [Source: Analysys Mason, 2010] 

                                                      
25  According to our vendor interviews. 
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The operation of a WDM PON is identical to the operation of a generic WDM transmission 
system, described in Section 4.6.2. In the context of FTTH networks, WDM PON provides a 
dedicated wavelength to each user over a shared PON architecture. WDM PON is mostly targeted 
at the business market, given the current premium cost. At the time of writing, it was difficult to 
predict the features and architecture of WDM PON systems as work has just begun by the FSAN 
Group in this area, consequently there are still variations in systems between vendors. 

The first area of difference is the granularity of WDM (coarse or dense) used to implement their 
WDM PON solutions. While the majority of vendors use DWDM platforms, which allows the 
same number of users (i.e. 32 or 64) as in traditional GPON, some vendors use more cost effective 
CWDM platforms, restricting the total number of users to 16. Another major source of difference 
amongst WDM solutions is the layer 2 protocol used. The majority of vendors use the ubiquitous 
Ethernet as the layer 2 protocol while some vendors prefer to leverage their existing WDM 
platform and provide their proprietary layer 2 protocol used in their other WDM transmission 
systems (metropolitan and regional).  

The process of wavelength allocation to the transmitter (defined in Section 4.5.1) also differs 
widely between WDM PON systems but, on balance, colourless wavelength locking lasers offer 
the most practical mechanism to commission a large number of ONTs. 

It is difficult to predict which WDM PON technology will be standardised but from our 
interviews, DWDM systems using wavelength locking based on an Ethernet architecture seem to 
benefit from many advantages over other solutions. 

5.5.3 Equipment implementation 

Vendors are implementing different WDM PON systems but are typically able to provide 
transponders for up to 256 subscribers26 per chassis. Provided that four WDM PON chassis can be 
fitted into an ETSI rack27

5.6

, a total of 1024 subscribers can be accommodated per ETSI footprint. 
This is 6 to 10 times fewer subscribers per footprint compared to a traditional GPON OLT 
equipment. However, it should be noted that this density is similar to PTP systems (see Section  
below).  

Vendors usually provide their own ONT which is compatible with their system but are also 
looking at producing pluggable optics – i.e. a small form-factor pluggable (SFP) that could be 
plugged in any ONT.  

                                                      
26  Distributed over 8 PON fibre network (32 users per PON). 

27  An ETSI rack footprint is defined as 600x600x2200mm. 
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5.6 PTP technologies  

5.6.1 Standards and timescales 

Point-to-point (PTP) technology has been standardised by Ethernet in the first mile and is based on 
the IEEE 802.3ah standard. The IEEE 802.3ah working group was established in 2001 in order to 
enable Ethernet penetration into access networks. In parallel, the EFM Alliance (EFMA) was 
formed by the participating vendors, to promote Ethernet subscriber access technology and support 
the IEEE standard effort. The EFM standard was approved in June 2004 and published on 
September 2004 as IEEE 802.3ah-2004. The EFMA was absorbed by the Metro Ethernet Forum.  

Central to PTP standardisation is the standardisation of bi-directional optics that can operate in a 
full duplex mode, where upstream and downstream operate along the same fibre. These are: 

• 100BASE-BX10 is a version of Fast Ethernet over a single strand of optical fibre, where a 
special multiplexer which splits the signal into transmit and receive wavelengths. The two 
wavelengths used for transmitting and receiving are either 1310/1550nm or 1310/1490nm. 
This is specified for 10km. 

• 1000BASE-BX10 is the Gigabit Ethernet equivalent of the above 100BASE-BX10, also 
specified to operate over 10km. 

It is expected that a 10G Ethernet interface will be standardised but the timeframe is unknown at 
the time of writing, however, we expect it to be standardised within five to seven years.  

5.6.2 PTP system characteristics 

Today, PTP systems offer symmetrical 100Mbit/s or 1Gbit/s Ethernet per user over a dedicated 
fibre to each user over a guaranteed distance of 10km as specified by the 100Base-BX10 and 
1000Base-BX10 standards. PTP does not require any equipment to be located in the field as the 
fibre plant directly links local exchange to end users.  

5.6.3 Equipment implementation 

Vendors have varying physical implementations of PTP systems in the local exchange. Currently 
they are typically able to provide 1152 ports (subscribers) per ETSI rack, which is similar to the 
density of WDM PON. However, PTP equipment in the local exchange is five to twelve times less 
dense than a GPON solution. PTP CPE is Ethernet based ONT side, vendors usually provide their 
own ONT which is compatible with their system but are looking at producing SFP that could be 
plugged in any ONT. 
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5.7 Operational considerations for FTTH upgrades 

Below we explore the considerations for upgrading from GPON (2.5Gbit/s downstream) to 
NG PON 1 (10Gbit/s downstream)28

5.7.1 GPON to NG PON 1 

, then a further upgrade from 10Gbit/s NG PON 1 to 
WDM PON (NG PON 2). PTP networks will be relatively easy to upgrade because in a PTP 
network, there is no passive (or active equipment) in the field, and users can be upgraded 
individually; therefore we concentrate on PON below. 

Although the standards for NG PON 1 are not finalised, there are early indications that NG PON 1 
will be supported in parallel to current 2.5Gbit/s GPON, by using different upstream and 
downstream wavelengths than 2.5Gbit/s GPON, as illustrated in Figure 5.10. This will allow an 
operator to support both 2.5Gbit/s users and 10Gbit/s users on the same underlying PON 
infrastructure. The only changes required in the network will be the ONT for existing 2.5Gbit/s 
customers willing to upgrade to 10Gbit/s. In the OLT, we anticipate that the 10Gbit/s OLT ports 
will be available on blades that will be compatible with exiting OLT chassis. 

5.7.2 NG PON 1 to WDM PON  

As bandwidth demand increases, an option for an FTTH operator operating a 10Gbit/s GPON will 
be to upgrade their network to WDM PON, providing a dedicated 1Gbit/s to every customer. This 
migration has important operational and architecture implications. We consider two options – 
adding AWG or using just a passive splitter. It is evident that there is no optimal solution to 
efficiently upgrade GPON to WDM PON, and this will have to be a major consideration for the 
FSAN Group when deciding the architecture to standardise for WDM PON. 

WDM PON based on AWG  

Current WDM PON requires a WDM multiplexer/demultiplexer (array waveguide grating, AWG) 
to be placed at the flexibility point (the site at which a passive splitter is located to support GPON) 
to provide a dedicated wavelength to each subscriber. If the standard WDM PON architecture 
specified by the FSAN Group includes an AWG, the operator will need to install an AWG at every 
flexibility point in addition to existing passive splitters in order to continue to support existing 
GPON customers. This is illustrated in Figure 5.13. 

                                                      
28  XG PON 1 offers 10Gbit/s downstream and 2.5Gbit/s upstream, and XG PON 2 offers symmetrical 10Gbit/s.  
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Figure 5.13: WDM PON upgrade over existing PON network [Source: Analysys Mason, 2010] 

Clearly, this would be very costly for an operator, as it would have to manually manage the final 
drop between the flexibility point and the subscriber.29

WDM PON using a passive splitter  

 For example, if a GPON customer wanted 
to upgrade to WDM PON, an engineer would have to disconnect the customer’s fibre from the 
GPON passive splitter and reconnect the same fibre to the AWG on the WDM PON system. This 
architecture could also prove very challenging to implement if there is insufficient space in the 
flexibility points to accommodate the extra equipment. 

An alternative is to use a passive splitter to share the signal between all users, whether using 
WDM PON or GPON. WDM PON based on splitters is illustrated in Figure 5.16 below. From our 
interviews, we established that no vendors are planning to use such architecture, and it is too early 
to know if it may be standardised or not. However, it is interesting to consider this architecture in 
order to understand how it could alleviate challenges associated with AWG-based PON.  

                                                      
29  There would be similarities between this scenario and a possible unbundling scenario at the flexibility point, where the final drop is 

connected to the operator through a patch panel. 
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Figure 5.14 Coexistence of GPON and WDM PON at one site [Source: Analysys Mason, 2010]  

In this scenario, all PON customers would receive only the wavelength(s) filtered out by the ONT. 
The clear advantage of using such an architecture is that the operator would not need to modify its 
fibre plant, as the passive splitter would support both GPON and WDM PON customers. This 
would bring significant operational benefits over AWG-based PON.  

However, with this solution comes potential issues: 

• colourless wavelength locking lasers would not work 
• network security could be compromised 
• there would be a lower link budget and reach for WDM PON users.  
 
As explained in Section 4.5.1, the colourless wavelength locking laser used by LG Nortel, which 
provides an automated way of assigning wavelengths for WDM PON users, would no longer 
work. This is because, the technique relies on the detection of a single wavelength at the ONT, 
which then it “locks” onto. By using a passive splitter, the ONT would initially receive all 
wavelengths, and would not know what to lock onto. Alternative protocols could be developed to 
accommodate this, using for example, a pilot signal at a pre-determined wavelength, to indicate 
what wavelength each ONT should transmit. 

Another disadvantage is that a users would be able to “see” all wavelengths (upstream of the filter) 
from all users in the network. This may cause concerns over security, but these could be mitigated 
by techniques such as encryption. It is interesting to note that encryption is already used for the 
downstream signal of GPON networks.  

Finally, it is important to understand that an AWG experiences significantly less attenuation than a 
passive splitter. For instance, a passive 64:1 splitter experiences 18dB30

                                                      
30  Equivalent to around 70km of fibre attenuation. 

 of loss, whereas an AWG 
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only experiences around 5dB31

5.8 FTTH architecture comparison  

 of loss. This is significant, as the low loss AWG means that less 
powerful DWDM lasers can be used, limiting non-linear effect and reducing costs.  

Below we present a comparison of current FTTH architectures and topologies. This comparison is 
purely technical and does not consider costs. 

 PTP Ethernet TDM PON WDM PON 

Operational considerations    
Local exchange equipment 
footprint 

   

Fibre management    
Duct space requirements    
Power consumption in OLT    
Any equipment in the field     
Overall power consumption     
Troubleshooting    
Commissioning time    
Service considerations    
Bandwidth scalability    
Per-subscriber bandwidth upgrade    
Service symmetry   32  
Video     
Security    
Other considerations    
Standardisation    
Reach    
Unbundling capability    

Key:   the technology is not particularly suitable    the technology performs well 

Figure 5.15:  A comparison of FTTH technologies [Source: Analysys Mason, 2010]  

                                                      
31  Equivalent to 20km of fibre attenuation. 

32  For GPON only. 
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The following sections explain in more detail each of the criteria given in the first column of 
Figure 5.15. 

5.8.1 Operational considerations  

Local exchange equipment footprint  

Current implementation of TDM PON systems can accommodate between 6000 and 12 000 users 
per ETSI footprint (600×600mm). This is in contrast with WDM PON and PTP solutions, which 
can only accommodate around 1000 users per ETSI footprint. This implies that in a local 
exchange, the same area can accommodate 6 to 12 times more GPON subscribers than 
WDM PON/PTP subscribers for one ETSI footprint. In very dense areas this significant difference 
means there is more scope to consolidate GPON local exchanges compared with WDM PON or 
PTP local exchanges.  

Fibre management 

The fundamental difference between a PON-based architecture and a PTP architecture is in the 
number of fibres to install and manage. The large quantity of fibre required to be managed in the 
local exchange for PTP architecture means that more space (greater footprint) is required than in 
TDM PON or WDM PON implementations. It also implies that it is more prone to human 
handling errors as a large number of network failures occur due to faulty/incorrect fibre connection 
which have a negative effect on opex and quality of service. To some extent, this is mitigated by 
evolution in fibre management systems and a reduction in the size of fibre optic cables. 

Duct space requirements and civil works 

Inherently linked to the amount of fibre required in a PTP architecture is the requirement for 
available space in the infrastructure network (ducts) to route all these fibres. Lack of space in the 
existing infrastructure network may mean extra civil work to upgrade the capacity of the 
infrastructure network, which significantly increases the cost per home passed/connected for 
operators.  

Power consumption  

In the local exchange, a PTP system needs N ports for N subscribers and a GPON system only 
requires one port for up to 32 or 64 subscribers. Based on this fact, one would assume that PTP 
systems always consume more power than GPON systems. However, this is only partly true, as 
power consumption in the local exchange is highly dependent upon the GPON take-up rate. To 
draw this comparison, it is important to note that ports of GPON and PTP systems are significantly 
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different: PTP ports operate at 100Mbit/s (or 1Gbit/s33

From a environmental perspective, it is also important to consider that GPON ONTs consume 
more power than PTP ONTs. Again, this is mainly due to the fact that GPON ONTs need to 
operate at the aggregate transmission rate (2.5Gbit/s in current systems) and PTP ONTs are 
Ethernet based and operate at lower rates (typically 100Mbit/s). Looking at the overall system 
consumption (OLT and ONT), it can be argued that the breaking point between GPON and PTP is 
a GPON take-up of 30% (ten subscribers on a branch). However, power consumption of the ONT 
has no direct impact on the operator’s opex. The overall power consumption for PTP and GPON 
systems is illustrated in 

) and GPON ports run at 2.5Gbit/s in the 
downstream and 1.25Gbit/s upstream. Therefore, individual GPON ports consume more power 
than their PTP counterparts. The power savings come when several subscribers start sharing the 
power of the 2.5Gbit/s OLT card. Therefore, for GPON take-up of say more than 30%, GPON is 
significantly more power efficient than PTP in the local exchange. However, in the case of very 
low take-up on a given GPON branch (say two or three subscribers), the extra power required for 
the OLT is not spread across enough users to be significantly different from the consumption of an 
equivalent PTP system.  

Figure 5.16.  

 

 

Figure 5.16: Per customer power consumption for a 30% GPON take-up rate [Source: Cisco] (Note: FE 

= fast Ethernet)  

Troubleshooting  

It is widely acknowledged that GPON is more difficult to troubleshoot than PTP. In a GPON it is 
difficult to identify which branch has failed when a fibre breaks between the splitter and the 

                                                      
33  For high-end deployment. 
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subscriber. In PTP systems, if a user loses connection, it is straightforward to track down the fault 
as the user is the only one using that fibre. GPON vendors are currently considering a number of 
options for integration into their existing solutions to alleviate this problem. 

Commissioning time 

GPON, PTP and WDM PON are easy to commission as they can be self-provisioning. Please note 
that in the case of WDM PON, we expect that colourless wavelength locking will be adopted, as 
this mechanism fully automates the allocation of wavelengths to subscribers and therefore 
significantly decrease the commissioning time compared to a manually tuneable system. 

5.8.2 Service considerations 

Bandwidth scalability  

PTP systems are considered more scalable because they provide dedicated capacity over dedicated 
infrastructure. This is in marked contrast with GPON systems which provide shared capacity in a 
shared medium. As a consequence, individual PTP subscribers can be upgraded independently of 
each other; a characteristic that a GPON system does not support. Furthermore, it should be noted 
that the GPON ONT must run at the aggregate transmission rate, making the ONT more complex 
(and therefore expensive) to implement than an equivalent PTP ONT. 

Per-subscriber bandwidth upgrade 

In TDM PON, it is not possible to upgrade the individual bandwidth of each user since all users on 
the same PON architecture have to share downstream and upstream bandwidth. This contrasts with 
PTP systems where individual users can be connected to a 100Mbit/s or a 1Gbit/s port in the 
switch in the local exchange, depending on their bandwidth requirements. The per-subscriber 
bandwidth upgrade is uncertain with WDM PON, mainly because it is not yet standardised. 
Currently 100Mbit/s transponders are available to each individual user, with plans to make 1Gbit/s 
transponders available in the near future. Although technically possible, we cannot ascertain from 
our research and talking to vendors that the standard will cater for different transmission rates for 
different users in the same PON system. 

Service symmetry 

GPON is asymmetrical – it currently offers 2.5Gbit/s downstream and 1.25Gbit/s upstream. This 
was because, in traditional residential markets, the requirement to download information has 
always been greater than to upload information (e.g. DSL-based services). Also, customer 
premises CPEs (ONT) only need to run at 1.25Gbit/s, helping reduce their cost. It should be noted 
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that XG PON 2 will provide 10Gbit/s symmetrical services (as explained in Section 5.4), which 
should become available in 2013.  

PTP and WDM PON architectures offer a symmetrical service as both technologies are based on 
Ethernet which is not constrained to the asymmetrical data rates of the GPON standard. PTP and 
WDM PON are therefore more appropriate for the business market, which typically requires a 
symmetrical service. PTP and WDM PON are also more suited to the requirements of user-
generated content in the residential market, as users increasingly need a greater upstream 
bandwidth to upload information to social networking or photo/film storage sites. 

Video  

GPON standard ITU 984.3 (gigabit-capable passive optical networks: enhancement band) defines 
a 10nm wavelength window to accommodate an overlay video signal broadcast in the downstream. 
This allows all GPON users to receive a broadcast video service. In WDM PON, broadcast video 
would be quite difficult as the WDM demultiplexer located close to the customer can only 
demultiplex one wavelength per user and so cannot support a similar architecture to TDM PON. In 
PTP, broadcast is achieved at layer 2 in the switch at the local exchange site and the broadcast 
signal is multiplexed with other services on the user’s Ethernet stream, potentially reducing the 
bandwidth for other applications. Therefore, WDM PON would have to adopt a similar model to 
PTP by adopting a layer 2 broadcast approach. 

Security  

GPON architectures could be subjected to denial of service (DoS) attacks, given the shared nature 
of the medium. For example, if an ONT continually transmits upstream, it will prevent any other 
subscribers on that branch transmitting data, denying service. However, most GPON vendors 
provide a mechanism that shuts down an ONT that transmits outside of its allowed timeslot. 
However, if a non-compliant ONT (e.g. an ONT from a PTP system) is installed by a user on one 
of the branches of the GPON, a DoS attack would be possible.  

This situation could not occur in a PTP network as each subscriber uses a separate fibre. Similarly, 
a DoS attack could not occur in WDM PON systems, where each user is separated in the 
frequency domain, therefore not contending with one other. 

5.8.3 Other considerations 

Standardisation 

GPON and PTP are both mature technologies which benefit from full standardisation. WDM PON 
is expected to be standardised as part of the NG PON 2 standards, currently planned for 2013. This 
is a significant issue for WDM PON, which cannot currently benefit from component volumes 
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since each WDM PON vendor currently implements its own proprietary solution using different 
parts from the component manufacturers.  

Reach 

Currently, GPON systems have a 20km or 30km reach (B+ class optics and C+ class optics 
respectively) with 32 or 64 users, whereas equivalent PTP optics – i.e. 100BASE-BX10 and 
1000BASE-BX10 – have only been standardised for a 10km reach, although PTP standard 
interfaces consistently achieve 20km and more in the field. Due to the absence of WDM PON 
standards, it is difficult to predict what their reach will be. Some vendors guarantee that they can 
support 8dB of fibre attenuation with their current systems which represents 32km in standard 
G.652 fibre. These vendors have already announced that they will make long-reach interfaces 
available (12dB of fibre loss) in the near future.  

Unbundling capability 

Of importance to this report is the unbundling capability of FTTH. Since PTP offers dedicated 
access to the end user, it is relative easy for an alternative operator to physically connect to this 
user in the local exchange of the infrastructure provider. However, in the case of GPON, 
unbundling is generally more complicated, involving flexi-points located in the field to co-locate 
splitters of different operators. In marked contrast, WDM PONs are technically relatively easy to 
unbundle at the wavelength level by connecting to the transponder of the infrastructure provider.  
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6 State-of-the-art survey of current FTTH networks 

In this section, we present ten cases studies of FTTH operators from around the world. The case 
studies are designed to highlight the rationale behind FTTH deployments, as well as any real-
world issues that have been encountered so far. The ten operators are as follows: 

 

FTTH operator Technology deployed Location 

BT  GPON Ebbsfleet, UK 

FT  GPON France 

Lyse  PTP Norway 

NTT  EPON Japan 

SK Telecom GPON South Korea 

Swisscom  PTP Switzerland 

Telekom Slovenije  PTP Slovenia 

Unet WDM PON The Netherlands 

Verizon  GPON USA 

Virgin Media  Cable UK 

Figure 6.1: Case studies [Source: Analysys Mason, 2010] 

Each case study follows a common structure, including an overview of the market and regulatory 
situation; any insights into the decisions on network technology or architecture; details of the 
architecture, equipment and vendors; and any issues that have arisen from operational experience. 
The reference notes and sources for these case studies can be found in Annex D, and are denoted 
by roman numerals. 
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6.1 BT (UK) 

Market and regulatory overview 

BT’s deployment at Ebbsfleet is one of a number of small 
deployments in the UK’s emerging FTTH landscape. Other 
deployments include those from Thales (Digital Region), IFNL (Corby), 
i3 group (Bournemouth and Dundee), Geo (businesses within M25), 
Redstone (Belfast), and Velocity1 (Wembley). i ii x   

Ofcom has set out specific expectations for new-build developers 
(who are most likely to deploy FTTH) which encourage offering open 
access where there is only one network, making use of open 
standards, installing extra duct capacity, and offering ALA (active line 
access)-type wholesale bitstream products.iii 

 

Network technology/architecture decisions 

BT considers deployment of FTTH to make economic sense in greenfield sites, where new access 
infrastructure needs to be laid.iv

BT considered two main architectures for an ALA solution at new-build sites: PTP or PON. BT concluded 
that in terms of both capex and opex considerations, GPON proved to have significant advantages. 
Furthermore, BT considers that developments in WDM technologies will ensure that GPON can evolve to 
meet future bandwidth demands of the general population, and also support virtual PTP services.

 

v BT also 
claims GPON is established as the de facto standard for fibre access worldwide, and is receiving market pull 
from various local authorities for fibre access, in brownfield as well as greenfield sites.vi

Openreach suggested that by making “true fibre communications available to homes on a mass scale for 
the first time, [it] is effectively signalling the start of the second wave of the Information Age”.

 

vii The Ebbsfleet 
brochure cites a number of applications and services that can be enhanced by delivery over fibre: 
downloading music tracks and HDTV video content, use of multiple devices (TV, computer, portable), 
everyone in the house being able to what they want without being constrained by other users. BT also sees 
a future demand for person-to-person video services and website-embedded video.  

Details of architecture, equipment and vendors 

BT is operating a GPON FTTH pilot at Ebbsfleet, with plans to connect a total of 10 000 homes.viii

BT’s GPON has a 32-way split, and communications providers (CPs) interface via a 1Gbit/s Ethernet optical 
interface at a flexibility point at the ‘handover node’ (local exchange).

 

ix

BT is using Huawei as technology vendor for its FTTC plans

 Communications providers are able 
to offer a range of services to end users: assured services (135kbit/s symmetric voice channel, 2.5Mbit/s 
downstream and 0.5Mbit/s upstream, or 10Mbit/s downstream and 2Mbit/s upstream) and non-assured 
services (peak information rate of either 30Mbit/s or 100Mbit/s). 

x and the FTTH deployment at Ebbsfleet.xi 

Issues arising from operational experience 

BT has announced the development of a new voice over NGA (VoNGA) product, following the GEA-FTTP 
trial at Ebbsfleet and the announcement of plans to hold FTTP brownfield trials in 2010. The VoNGA product 
will be designed to meet the needs of CPs wishing to supply their customers with a scalable and resilient 
Public Access Telephony System (PATS) quality service.xii

Ofcom granted BT an exemption from its obligations under the Universal Service Conditions to allow BT to 
charge non-uniform prices (i.e. offering discounts on connection and line rental) to a maximum of 300 
homes at the Ebbsfleet development.

 

xiii 
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6.2 France Telecom (France) 

Market and regulatory overview 

France Telecom (FT) dominates the French broadband market with a 47% 
market share. Alternative DSL operators Iliad (Free) and SFR have 24% and 
22% respectively. All three operators have launched fibre-based services in 
the last two years. xiv

The regulator, ARCEP has granted alternative operators equal access rights 
to FT’s duct network, and has also “instilled the principle of having operators 
share the last segment of the networks”.

 

xv ARCEP is currently consulting on 
the location of fibre flexi-points and the number of terminating fibres to be 
installed at each home. 

 

Network technology/architecture decisions 

FT conducted a successful GPON pilot which ran from June 2006 to February 2007. It subsequently 
progressed to pre-roll out but this has stalled in recent months (see below).xvi

FT has chosen to deploy GPON for a number of reasons: it is an international standard; it saves room in 
ducts (compared to PTP); it allows a graduated investment profile (as connections to the splitter can be 
made as demand grows); and it is future-proof (there are already plans for a new GPON standard in the 
next decade which will allow local loop lengths of several tens of kilometres). On the final point, FT suggest 
that increased range will allow the number of local exchanges to be reduced in low density areas (dense 
areas are constrained by capacity). FT also suggests that GPON requires less energy to operate than PTP. 

 

Regarding the architecture of the passive aspects of the network, FT favours the installation of a single fibre 
between the home and flexi-point (versus the installation of multiple fibres). The single fibre approach is 
labour intensive as it requires manual patching to change a customer from one operator to another, but FT 
plan to visit the customer premises is part of the business model, so the manual patching adds little extra 
cost. FT suggest that flexi-points are necessary to cope with the long-term evolution of population, 
businesses and housing, and to cope with the evolution of the penetration rate. Flexi-points are also useful 
for technical maintenance purposes. 

Details of architecture, equipment and vendors 

FT’s choice of vendor is not public information, but may change over time. FT is currently using two 1:8 
splitters (or a 1:8 splitter followed by a 1:4 splitter) giving a maximum split ratio of 1:64. FT will also consider 
the use of 1:32 individual splitters. Each FT OLT laser has the capability to supply 64 subscribers. 

Issues arising from operational experience 

FT has suspended its rollout of GPON FTTH in light of ARCEP’s proposal to mandate multiple parallel fibres 
in the terminating segment. ARCEP is proposing to make the installation of multiple fibres in the terminating 
link compulsory (any time an operator asks for a dedicated fibre per house). FT does not have the standards 
or processes to accommodate this option, and will therefore have to reassess its business case for fibre 
deployment. FT has halted its rollout until ARCEP has finalised its decision. 

Another relevant issue in France is the definition of the boundary between the ‘feeder’ and ‘terminating’ 
segments. This boundary marks the point at which several competing fibre networks in the feeder part join a 
single terminating segment. The current proposal is that the boundary it is in the building where there is a 
sewer or in any MDU with over 12 dwellings. How these boundaries are allocated and managed in other 
cases is still unresolved. 

Also, it is unclear where the limits between the three defined types of areas should be.34 ARCEP have tied 
the definition to density and have defined 5 million households as corresponding to black areas. Outside of 
black areas, the situation has yet to be defined. The type of access outside black areas has not been 
discussed yet, but may be a form of passive access. 

                                                      
34  The European Commission’s Directorate General for Competition has defined three types of areas to guide where public money 

should be used to help roll out fibre. Black areas are where several networks are profitable; grey areas are where a single 
network is profitable; and white areas are where no networks are profitable and therefore public money may be required. 
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6.3 Lyse (Norway) 

Market and regulatory overview 

Norway’s broadband market is dominated by Telenor, with 51% of the 
market in March 2009.

xviii

xvii Lyse has a 60% penetration rate in deployed 
areas corresponding to 130 000 connected homes, with a high ARPU 
(EUR110 per month) and high take-up of services (100% Internet 
access, 80% IPTV, 70% IP-telephony).  In 2008, Lyse (and 
partners) had a 9% market share of both Internet subscriptions and 
revenue.xix

All companies wishing to offer Internet access must register with the 
regulator (NPT). There were 154 licensed Internet service providers at 
the start of 2008. VoIP regulations allow the porting of traditional 
geographic numbers onto VoIP, providing the service is a fixed line 
substitute, not a purely ‘nomadic’ service. 

 

 

Network technology/architecture decisions 

Building and owning infrastructure has been part of the core business of Lyse for the last 100 years.xx

Lyse is building a generic network/platform for both business and residential segments. Lyse has recently 
recorded strong growth in network activity, including increases in Internet traffic out of their network 
(<1Gbit/s 2005, 30Gbit/s June 2009) and increases in both video rentals and unique VOD users. A 
“significant” share of customers are ordering PVRs.  

 Lyse 
believes that customers have a demand for triple-play offerings, and the provision of enough bandwidth for 
new services is important.  

Lyse sees the opportunity to provide backhaul to increasingly popular mobile broadband services. 

Details of architecture, equipment and vendors 

Lyse is deploying a multi-service all-IP network, with Active Ethernet and Point-to-Point Architecture. 

Lyse quote a cost of EUR3000 per average single dwelling connected (50% digging and surface 
reinstatement; 20% ducting, fibre and street cabinet; 10% management, documentation and installation; 
20% Set-top box, CPE, Access node electronics). 

Lyse operates a partnership model with other companies and brands, whereby the partner owns and 
operates the customer facing processes (sales, delivery, invoicing and customer support).  

Issues arising from operational experience 

Lyse sells connections before they start building, holding neighbourhood sales meetings with presentations, 
coffee and the opportunity to sign contracts. 

80% of Lyse customers do their own in-home installation of the fibre (“self provisioning”). 
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6.4 NTT (Japan) 

Market and regulatory overview 

The Japanese broadband market is highly developed, with FTTH 
connections having overtaken DSL (15.1 million and 11.2 million 
respectively in March 2009).xxi NTT (East and West) has just under 
50% of the total broadband subscriber market, although they are 
more dominant in fibre connections with 74% market share.   

National policy focuses on accelerating the deployment of fast broadband to the whole of Japan, with a 
target of 90% availability of 30Mbit/s symmetric connectivity by 2010. NTT have a plan to go further than this 
and financial stimulus from the government will see the target reached a year ahead of schedule. The next 
policy (“i-Japan”) will aim to deliver 100Mbit/s services by 2015. The government sees VOIP as crucial to 
the development of high tech industry and the regulator (MIC) assigned non-geographic 11-digit numbers 
starting with ‘050’ to VoIP in 2003.xxii

There are currently plans to review the structure of NTT in 2010 (including the possibility of an enforced 
separation), although these plans will be dependent on the Japanese political situation at that time. NTT is 
currently required to offer unbundling of fibre-optic lines and FTTH services. Access to NTT’s ducts is 
mandated (including guidelines on non-discriminatory access and timescales for enquiries and contracts), 
although there is plenty of spare fibre available for alternative operators to use.  

 

Network technology/architecture decisions 

NTT hopes that the upgrade of 30 million business and residential fixed lines to fibre-optic technology will 
support the take-up and development of new products and services such as videophones, Internet video 
transmission and broadband-compatible televisions. NTT is also trying to migrate users to faster, more cost-
efficient fibre-optic networks and encourage them to sign up to new Internet-based offerings to offset 
declining sales from traditional voice call services. 

NTT is using a 1Gbit/s EPON architecture, believed to have been chosen for cost considerations. 

Details of Architecture, Equipment and Vendors 

Japanese multi-dwelling units (MDUs) predominantly have a fibre-to-the-basement architecture, with VDSL 
to each apartment. Where VDSL exists in MDUs, there are very few plans to upgrade to fibre as users tend 
to be happy with their connection (usually minimum 40Mbit/s, and up to 100Mbit/s). Japanese apartments 
are usually advertised with the level of Internet access, and are have connections pre-installed (twisted 
copper pair, or copper + coax, or copper + fibre). 

NTT offers two options for sharing access to its fibre infrastructure with other operators. Operators can 
unbundle an entire splitter and take all the final drop fibres connected to it (usually eight fibres). To date, 
customer churn has not created an issue with this model. Alternatively, operators can connect to the NTT 
OLT in the local exchange (akin to bitstream interconnection). 

Issues arising from operational experience 

NTT has been forced to revise it targets for signing up fibre optic users. It originally hoped to achieve 30 
million users by 2010, but in December 2008, it had just 10 million users (up from 8 million the previous 
year). Broadband coverage has been delivered, but take-up has been quite low as many users are happy to 
use mobile services to access the Internet. To redress this, in 2008 NTT applied for licences to offer high 
definition TV (HDTV) via its FTTx lines, in combination with other services such as terrestrial digital 
broadcasts and video-on-demand (VoD). NTT have also launched a series of ‘PC-less’ services known as 
“Hikari-link” (light-link). This service allows non-PC devices to connect directly to the Internet, and includes 
TV sets (via the Activila web-on-the-TV service), games consoles, and health and fitness devices. 

NTT are trying to deploy IPv6, although this is being resisted by ISPs. Also, NTT are aiming to migrate all 
services to its NGN backbone, but as this follows new IEEE standards, ISPs are likely to find it very costly to 
interconnect to the NGN.  

Network capacity constraints are most likely to be encountered on Japan’s pole infrastructure, as many 
services are connected to the home via an aerial final drop (cable TV, Internet, telephone, electricity etc). 
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6.5 SK Telecom (formerly Hanaro Telecom, South Korea) 

Market and regulatory overview 

The South Korean high-speed broadband market is one of the most 
advanced in the world, with FTTx services available to over 90% of 
households. In March 2009, SK Telecom held 24% of the market for 
broadband services (second place, behind KT with 43%).xxiii 

There are no regulations that oblige operators to provide network 
access to their competitors. A law that was ratified in early 2008 will 
allow operators in South Korea to broadcast IPTV offers starting in 
that year. Prior to this, operators were forbidden from broadcasting TV 
over their networks, or only in VoD, which limited the number of triple-
play bundles in the market.xxiv 

 

Network technology/architecture decisions 

SK Telecom targets both residential and business customers with FTTH services. 

SK Telecom has been trying to use its fibre network to build a strong converged services portfolio. For 
example, SK Telecom has signed an MoU in 2006 to acquire 65% of set-top-box manufacturer Celrun TV. 
The deal included the transfer of a 30% stake in VoD movie service OnTown. SK Telecom had 810 000 
VoD subscribers in 2007, and despite aspirations to grow this to 1.3 million by the end of 2008, a temporary 
ban in signing up new customers (due to ‘illegal business practices’) and increased competition saw this 
decrease to 756 000 in March 2009. SK Telecom has continued to evolve the service to offer differentiated 
content and value-added services as part of its IPTV offering.xxv 

Details of architecture, equipment and vendors 

SK Telecom has chosen a GPON architecture for its transition from FTTB to FTTH, having previously used 
Ethernet LAN and FTTx/VDSL. SK Telecom is currently in the process of migrating users from FTTB to 
FTTH.xxiv By the end of 2008, SK Telecom had 2.3 million subscribers for its 100Mbit/s service – almost two 
thirds of its broadband customer base. xxvi

SK Telecom uses Alcatel-Lucent’s GPON equipment, and has selected Israeli firm Corrigent to provide the 
main network infrastructure for its delivery of premium IPTV services. 

 

Issues arising from operational experience 

In 2007, SK Telecom spent USD105.3 million upgrading parts of its network, to provide 100Mbit/s 
availability to a further 8.3 million households on top of its existing 4.3 million households passed. This 
represents an investment of just USD13 per household passed. However it should be noted that this was an 
upgrade of its network rather than a new fibre deployment per se, so much of the infrastructure will already 
have been in place. 
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6.6 Swisscom (Switzerland) 

Market and regulatory overview 

The Swiss broadband market is dominated by the incumbent, 
Swisscom (53% market share) and cable operator Cablecom (19%). 
The only other operator of note is Sunrise (formerly TDC), with a 9% 
market share. xxvii 

The Swiss regulator (ComCom) has developed an FTTH policy which 
sets out a coordinated rollout of FTTH, with multiple fibres to each 
user. Infrastructure competition will be between Swisscom, Cable TV 
operators and utility companies (mainly city-nets).xxviii 

 

Network technology/architecture decisions 

Swisscom experienced a much larger decrease in its wholesale revenue (-4.1%) than the rest of its 
business (-0.2%) between 2007 and 2008. This was due to reduced volumes (due to unbundling and fixed-
mobile substitution) and reductions in its prices (due to regulation following price squeeze complaints). xxix

Swisscom suggest that the main driver behind the FTTH initiative is to compete, both with the roll out of 
local ‘municipality’ networks, and the cable operator Cablecom who is rolling out DOCSIS 3.0. Swisscom 
suggests it cannot afford to continue to ‘sweat’ FTTC assets. 

 

Details of architecture, equipment and vendors 

Its ‘Fibre Suisse’ plan, launched in mid 2008, will lay multiple fibres – usually around four – to every home. It 
is partnering with other infrastructure owners (utility companies and cable operators), to reduce its costs and 
offer four wholesale models. 

1. Each partner would deploy a multi-fibre network in a different region, and then each would have 
access to one fibre in the other partners’ regions. 

2. Other parties without any duct infrastructure pay Swisscom to build the network in return for 
exclusive access to one of the available fibres.  

3. Other parties can rent dark fibre from Swisscom. 

4. Other parties can purchase bitstream access. 

Swisscom is using PTP architecture for its FTTH customers. The multi-fibre architecture that it is deploying 
will enable alternative operators to use GPON. 

Swisscom is offering handover through co-location in its local exchanges, as well as in distribution points 
(manholes). This means that it is feasible for alternative operators to also use a PTP architecture, or a PON 
architecture with splitters installed at distribution points, or any other type of structure. 

Issues arising from operational experience 

Swisscom‘s multi-fibre model is in competition with Openaxs’ single-fibre model. Openaxs is an association 
of local electricity companies that are rolling out FTTH networks in Switzerland. The model gives open 
access to layer 3 and above. Swisscom suggests that the single-fibre model will result in a new monopoly 
on the last mile. 

There is some debate on the additional costs of the multi-fibre approach (which may then be passed on as 
wholesale price increases). Swisscom estimates the additional cost of multi-fibre deployment is of the order 
of 10–30%, while Sunrise Communications (the largest altnet in Switzerland) suggests that the increase is 
somewhere between 20% and 50%.xxx 
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6.7 Telekom Slovenije (Slovenia)  

Market and regulatory overview 

Slovenia has a broadband penetration rate of 64% by household. In 
the first quarter of 2009, 65% of broadband connections were 
provided over DSL, with 22% delivered via cable and 12% via 
FTTH.

xxxii

xxxi Telekom Slovenije (TS) dominates the overall broadband 
market (48% market share), but is trailing T-2 in terms of FTTH 
deployment (27 000 installed lines in the third quarter of 2008, 
compared to 10 000 lines from TS ).

The regulator, APEK, did not initially include FTTH in its reviews of 
Markets 4 and 5, but has subsequently indicated that it might be 
included in Market 5.xxxiii

xxxiv

 

 APEK has mandated that TS provide access 
to its ducts for alternative operators.  

 

Network technology/architecture decisions 

Infrastructure competition from T-2 and cable companies is driving TS to deploy FTTH. Furthermore, TS has 
a large number of customers connected via ‘pairgain’ systems (i.e. multiple voice subscribers on a single 
twisted pair). As such there is not enough spectrum to offer broadband services on some parts of the copper 
networkxxxv

TS is focusing on scalability, adaptability for new services, and quality of servicexxxvi

, and therefore TS is building new infrastructure. 

 

TS is deploying two fibre cables to each customer’s premises. One cable is for IP connectivity (broadband, 
VoIP, IPTV) and feeds into the FTTH modem at the customer’s premises. The other cable is used to 
transport the cable TV signal, which is converted to an analogue signal at the customer’s premises before 
being carried over a coaxial cable to the TV. This is driven by customer preference for ‘classical’ TV.

in the deployment of 
their FTTH network. TS suggest that a PTP network is future-proof, uses simple end-to-end Ethernet, and 
supports mass-market CPE. TS suggest that PON limits IPTV possibilities, has reduced interoperability, 
higher software and CPE costs, and little backwards compatibility. TS views the delivery of IPTV as an 
important driver of FTTH deployment. 

xxxv 

TS will be deploying FTTC with ADSL2+ or VDSL in rural areas where FTTH is uneconomical. 

Details of architecture, equipment and vendors 

TS switched on a pilot VDSL network in January 2007, and at the same time began rolling out FTTH. The 
first commercial FTTH connections went live in April 2007. By March 2008 TS had installed 7900 VDSL2 
ports and had 4300 FTTH subscribers. In the medium term, TS hopes to reach 300 000 FTTH 
subscribers.xxvi 

TS has chosen Iskratel to supply equipment for the FTTH roll-out.xxxvii 

Issues arising from operational experience 

TS has found that customers with triple-play over ADSL are generally happy with their service and are 
therefore reluctant to migrate to FTTH, as it requires alterations to their home network. 

However, TS has found that FTTH solves a number of reliability and stability issues associated with xDSL. 
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6.8 Unet (the Netherlands) 

Market and regulatory overview 

Unet is an operator in the Netherlands offering fibre to the office and targeting the 
business ‘mid’ market (SMEs). Reggefibre is the only player in residential FTTH. 
Eurofibre, part of Reggefibre, focuses on long-distance connectivity services and 
serves business customers. KPN only offers fibre to the business market. Unet 
competes with Eurofibre and KPN, although Unet buys long-distance services from 
Eurofibre.xxxviii 

Regulation is not applied to Unet as its market share is too small. There are no 
regulations for business fibre, but regulation for residential services to set the price of 
Ethernet connectivity is being proposed (there are no fibre unbundling regulations 
yet). 

 

 

Network technology/architecture decisions 

Unet focuses on ‘access to the business park’, and is targeting the business ‘mid’ market (SMEs) by using an 
FTTP infrastructure. Unet only rolls out to a customer once a contract is in place. Unet’s rapid growth to date has 
created scaling issues which require improvements in the network.xxxix 

Unet is using WDM PON to expand capacity on their existing network. WDM offers all the advantages of PTP 
and TDM PON, but with security, reach and scalability, simple engineering and without wavelength planning. 
Unet will install new array waveguide grating (AWG) units in the field to achieve this, but consider this to be a 
small cost compared to blowing new fibre. Also, WDM PON is expected to shortly offer resilient connections 
(1+1) using diverse routes to potentially different OLTs. 

Unet’s optical fibre infrastructure was 
designed in 2005 with growth in mind, but within two years after beginning deployment, expansion was required. 

Details of architecture, equipment and vendors 

Unet has 2000 PTP lines in service, having spent EUR1–2 million per year to date on investment. Unet plans to 
migrate existing PTP users onto WDM PON over the next two years. It currently has a mixture of WDM PON 
users (a very small number), PTP and copper users. Unet is undertaking a ‘combi-project’ with other utilities in 
some areas where they share the costs of civil works. 

Unet provides connectivity services via Ethernet, with an open network model that allows customers to connect 
to an ISP of their choice, for example. Unet also provides higher-level services, e.g. telephony, wholesale IPTV 
(they deliver the channels to a region/city, where another operator sells them on to an end user), Internet access 
and transit, and VPNs (their network is security certified for financial transaction).  

Unet is using Cisco for PTP and Nortel for WDM, choosing these vendors based on functionality, support and 
price. For PTP, Unet are using the fast Ethernet product from Cisco: symmetrical capacity at 100Mbit/s or 
1Gbit/s. Unet’s business model is to not maintain any equipment, only replace it when it fails. With this model, it 
is difficult to change vendors once chosen. 

Issues arising from operational experience 

Unet has found that optical equipment has a longer reach than the specification: PTP has shown a 20km range, 
and PON has shown a 30km range (versus 10km and 20km specified ranges respectively). Unet does not use 
any existing infrastructure; duct availability is not very high in Holland. Specialist optical time-domain 
reflectometer (OTDR) equipment is needed to identify fibre breaks, which adds cost. However, Unet’s optical 
networks have proved to be very reliable: maintenance cost per year is less than 2% of original investment. 

Major cities charge a large amount for permission to dig (e.g. Rotterdam charges EUR25– 30 per metre just for 
permission). In Amsterdam, the local authority insists on repairing the street after the dig, which is very 
expensive. However, in smaller communities, fibre is seen as an advantage and barriers are much lower. 

Unet has an innovative approach to contracting and passes all risks to contractors. Unet specifies the start and 
end of the network (and a rough route) to the contractor. If the contractor meets an obstacle (e.g. tree or 
powerline), they have freedom to find an alternative route. Unet requires a guarantee from the contractor at the 
end of the build phase that the network will not fail, and any difficulties will be resolved by the contractor, free of 
charge. The guarantee is 30 years on materials and 10 years on labour. 
Unet found the most complicated service has been IPTV which took a year to get right. 
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6.9 Verizon (USA) 

Market and regulatory overview 

The US regulator, the FCC, has chosen to rely on infrastructure-based 
competition in the high-speed broadband market, rather than 
mandating wholesale access. As a result, a customer in any given 
area usually has at most two options for high-speed broadband: the 
incumbent operator, and the local cable operator with the franchise for 
the area. 

Only two of the three incumbents offer widespread FTTx services 
(AT&T and Verizon); the third (Qwest) has only installed it in a small 
number of greenfield sites. 

 

Network technology/architecture decisions 

Verizon’s traditional fixed line business is in general decline and it has been placing increasing importance 
on its broadband Internet and advanced TV offerings.xl Verizon launched its first quad-play package in 
January 2007, adding cellular services to its wireline telephony, DSL Internet and satellite TV offerings. 
Customers who subscribe to two or more services are given monthly discounts. In January 2009 the 
company announced the withdrawal of its ‘VoiceWing’ VOIP offering, reportedly deciding that it did not fit 
with its portfolio of products and services. Verizon has recently launched 'The Hub', a multifunction touch-
screen home phone that connects to a broadband line. It is also planning to introduce a new VoIP package 
utilising its own fibre-optic connections in the near future.xli

In contrast to AT&T which is only using FTTH for greenfield deployments, Verizon has made a policy of 
rolling out FTTH (known as FiOS) to existing customers. Verizon has previously stated that it expects 
energy consumption and costs will fall from 32kWh/line/year for a DSL connection to 12kWh/line/year for 
FiOS. It also anticipated reduced costs due to having 91% fewer problems in the feeder network.

 

xlii 

Details of architecture, equipment and vendors 

Verizon is the incumbent in 12 states (plus the District of Columbia), and first launched FiOS in 2004 – the 
first deployment of FTTH in the country. Verizon were originally using a BPON architecture, and started a 
comprehensive upgrade to GPON in early 2008, after successful trials in 2007.xliii 

Verizon originally named Alcatel Lucent, Motorola and Tellabs as GPON vendors, although Tellabs decided 
to cease its GPON activity for Verizon in April 2008.

 

xliv 

Issues arising from operational experience 

Verizon reported its cost per home passed falling from USD1220 in January 2006 to USD880 in December 
2006. It forecasts that this will fall further to USD700 by 2010, citing simplified in-home wiring, a simplified 
installation process and a move towards remote service activation and maintenance as factors in the 
decline.  
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6.10  Virgin Media (UK) 

Market and regulatory overview 

The UK has a highly developed and competitive broadband market, with 
broadband take-up at 59% in rural areas and 57% in urban areas. There 
are five significant broadband operators and several smaller players. 
Virgin Media, with 3.68 million retail cable-modem broadband subscribers, 
is the largest single-country cable operator in Europe, and is the second-
largest broadband ISP in the UK.xlv 

The current target market is the residential market but Virgin Media is 
increasingly looking at targeting the enterprise market. 

Virgin Media offers fibre-based wholesale products through ntl:Telewest to 
other operators for applications such as mobile base station backhaul or 
national networks. 

Ofcom’s current NGA policy strikes a balance between promoting 
competition and securing investment in new infrastructure.xlvi 

 

Network technology/architecture decisions 

Virgin Media is upgrading its cable network to DOCSIS 3.0 based on a number of drivers.  

Virgin Media is keen to maintain a market leadership position by offering “the mother of all broadband”.35 
Historically, Virgin Media and its precursors have aimed to capitalise on the network advantage of cable 
infrastructure36 to offer higher-speed services than their xDSL-based counterparts. However, Virgin Media has 
no pressing need for fibre all the way to the home as it has enough spectrum in its hybrid fibre coax (HFC) 
architecture to deliver its services. 

Virgin Media also suggests that the demand for increased bandwidth will be driven by a number of factors: 
demand for higher performance of individual applications (e.g. TV and music streaming), concurrent usage by 
multiple users, increased levels of working from home (sharing of large files, video conferencing and telephony), 
and peer-to-peer file sharing. 

Details of architecture, equipment and vendors 

Virgin Media recently rolled out 50Mbit/s services, made possible by upgrading its access infrastructure from 
DOCSIS1.0 to EuroDOCSIS3.0. The next step, Virgin Media says, is to launch 200Mbit/s services, and this may 
happen as early as 2010.xlv Virgin Media is deploying DOCSIS 3.0 cable to pass over 12 million homes.xlvii 

Virgin Media recognises that in some situations property developers would prefer fibre, and so has developed 
“RF over Fibre” (RFoFibre) solutions that allow it to deliver their existing products over fibre. Initial technology 
trials of RFoFibre have been successfully completed and Virgin Media is considering its deployment where it is 
economically viable. 

Virgin uses its D-CATV infrastructure to deliver iPlayer, reducing the load on its IP infrastructure. Virgin assigns 
around 300MHz of cable spectrum to the delivery of linear DVB-C, so it does not need to rely on IP to deliver TV 
services.xlv Standard services offered by Virgin Media include telephony, broadband, TV linear and VoD, as well 
as other value added broadband services e.g. data and photo storage services. 

Virgin Media has selected Motorola’s DOCSIS 3.0 I-CMTS solution for it super-fast broadband network.xlviii 

Issues arising from operational experience 

The network has been deployed and no major technological issues have been encountered. 

                                                      
35

  Source: www.virginmedia.com. 

36
  Cable infrastructure has traditionally offered advantages over exchange-based xDSL counterparts, as the fibre portion of the 

network is terminated much closer to the customer. Even with the deployment of FTTC, the coaxial cable used in the final drop of 

a cable network generates fewer losses (and so has a higher capacity) than the twisted pairs used by xDSL technologies. 
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7 Long-term evolution of optical technologies and standards in 
the access network 

In this section, we analyse the potential evolution of FTTH networks over the next 25 years in 
order to understand likely network capacity. This evolution will comprise two elements:  

• the evolution of passive infrastructure (e.g. ducts, fibre, splitter) 
• the evolution of active equipment (OLT, CPE and amplifiers). 
 
We showed in Sections 5.2.1 and 5.2.2 that there are two passive fibre topologies currently 
deployed for FTTH networks: 

• passive optical networks (PON) 
• point-to-point networks (PTP). 
 
As these topologies have been adopted worldwide, we assume that this will remain unchanged for 
the foreseeable future, even though network reach may increase. Therefore, any capacity increase 
in the access network will need to be achieved using currently deployed fibre infrastructure. This 
is an important assumption, which has also been stated by a number of interviewees.  

In contrast, the evolution of active equipment is likely to be significantly influenced by the 
development of new optical technologies (e.g. components or modulation and coding schemes) 
currently under investigation in academic and industrial labs, as well as the changing bandwidth 
requirements of new services. We investigate the evolution of bandwidth demand in Section 8 of 
this report. 

Below we explore the evolution of PON (Section 7.1) and PTP in detail (Section 7.2), and for each 
provide a timeline for anticipated development then examine this development over three 
timeframes: 

• in the next five years 
• between 2015 and 2020 
• beyond 2025. 

For post-2015 it is important to note that developments are difficult to predict with any certainty 
and therefore should be considered only as indicative. 

In Section 7.3 we review the evolution of potential enabling technologies that will facilitate these 
developments. This section is structured using the same enabling technology categories as 
Section 4:  
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• optical fibre technology (Section 7.3.1) 
• optical amplification technology (Section 7.3.2) 
• coding, modulation and detection (Section 7.3.3) 
• optical transmitters and receivers, including integrated optics (Section 7.3.4) 
• multiplexing technology (Section 7.3.5). 

7.1 Passive optical network (PON) evolution 

Passive optical networks (PON) are increasingly popular and are the FTTH infrastructure of choice 
for many operators, as evident from our interview results in Section 6. Given the traction of GPON 
in Europe, we have concentrated on GPON to illustrate the evolution of PON. Having conducted 
interviews with operators, we are able to indicate the expected evolution of PON in terms of 
capacity (considering both maximum capacity and guaranteed capacity for end users), split ratio 
and reach. This anticipated evolution is illustrated in Figure 7.1 below. In the rest of this section, 
we explain the evolution of NG PON 1 to NG PON 4, relating these to the three timescales 
identified above, and comment on potential barriers. 



Fibre capacity limitations in access networks | 98 

Ref: XOF4G011V03   

Reach 20–30km 60km 80km 100km >100km

Spilt 32/64:1 64:1 64/128:1 >128:1 =1024:1 5

Guaranteed 
capacity per 

user 2
DL 40–80Mbit/s 

UL 20–40Mbit/s

DL 160–320Mbit/s 

UL 40–80Mbit/s

DL 310–780Mbit/s 3
DL 10Gbit/s 4

UL 160–320Mbit/s 3
UL 1–10Gbit/s 4

DL >10Gbit/s 

UL >1Gbit/s

Max capacity 
per user 2

DL 2.5Gbit/s 

UL 1.25Gbit/s

DL 10Gbit/s 

UL 2.5Gbit/s

DL 100Gbit/s 

UL 10Gbit/s

Evolution of 
the active 

layer 1

1 Deployment plans are based on information issued by the ITU and FSAN

Expected deployment

2005

Key

DL = downlink
UL = uplink

XG = 10th generation
10G = 10 gigabit

The shaded boxes indicate the 
expected start year of deployment, 
with an approximate end year/s. 
Green indicates standardisation has 
taken place and the technology 
deployed. Grey indicates 
standardisation and deployment have 
not yet happened.

2 Note these are indicative values only based on Analysys Mason’s estimates

DL 40 or 100Gbit/s 3
DL 10Gbit/s 4

UL 10Gbit/s 3
UL 1–10Gbit/s 4

DL 160–320Mbit/s 3
DL 1Gbit/s 4

UL 160–320Mbit/s 3
UL 1Gbit/s 4

DL 10Gbit/s 3
DL 1Gbit/s 4
UL 10Gbit/s 3
UL 1Gbit/s 4

3 Applicable to TDM GPON                   
4 Applicable to WDM GPON
5 Please note that a maximum of 32 users per wavelength will be allocated 
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10G WDM PON?

 

Figure 7.1: Possible evolution of PON [Source: Analysys Mason, 2010]  
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7.1.1 PON development in the next 5 years 

In Section 5.4, we outlined XG PON37

NG PON 1 will standardise XG PON technology, focusing on compatibility with current GPON 
infrastructure. NG PON 1 will also standardise extended-reach architecture options, using current 
GPON extensions defined in ITU-T G.984.6. Extended-reach PON systems are driven by both the 
requirement to consolidate OLT sites (local exchanges in the UK) and address the issue of remote 
users in rural areas. The ITU-T G.984.6 defines a physical layer extension device, which can be 
implemented either as an optical or as a 3R regenerator for existing 2.5G GPON systems. The 
specification should enable GPON’s reach to be extended to 60km while simultaneously allowing 
a split ratio of 128:1. It should be noted that a 128:1 splitter will incur approximately a 21dB loss

 explaining how the FSAN Group has split its work on 
NG PON into two different workstreams: NG PON 1 and NG PON 2.  

38

Figure 7.2

 
which would only leave 7dB (equivalent to 25km of fibre attenuation) when using standard B+ 
optics.  

 below provides an illustration of the topology of an extended-reach GPON.  

                                                      
37  Where X is the roman numeral 10, as determined by industry convention. 

38  The loss of an N:1 splitter is calculated as follows: Attenuation = log2(N)*3 dB 
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Figure 7.2: Extended-reach topology options [Source: Analysys Mason, 2010] 

As explained in Section 5, while extended-reach PON overcome the issues of split ratio versus 

reach, they introduce an active component in the field which is an additional potential single point 

of failure for all users connected to this GPON architecture. Also, in terms of expenditure, 

introducing active components in the field will increase both capex and opex due to additional 

maintenance requirements. Operators will therefore be faced with a difficult decision on what 

presents the most favourable business case involving weighing up the advantages of OLT site 

consolidation against introducing active equipment in the field. Incumbents will also have to take 

into consideration that LLU-enabled exchanges cannot be closed in the short to medium term due 

to existing agreements with LLU operators.  

In the NG PON 1 timeframe, two types of XG PON will be defined with two deferent timescales. 

First, a 10G GPON with a 10Gbit/s downstream and 2.5Gbit/s upstream will be defined under  

XG PON 1. The approval of the XG PON 1 standards is expected towards the end of 2010; we 

expect standardised equipment to be made available by the end of 2011 and the first commercial 

deployment in 2012 as indicated in Figure 7.1. 
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Second, a symmetrical version of 10G GPON (10Gbit/s downstream and upstream) is expected be 
standardised under XG PON 2. The approval of the XG PON 2 standards is expected towards the 
end of 2011/12, with equipment made available by the end of 2013 and the first commercial 
deployment in 2014/2015 (as shown in Figure 7.1 above). 

Note that for the implementation of XG PON 2, the ONT will have to operate at 10Gbit/s in 
uncooled environments and yet remain cost effective to be suitable for deployment in mass 
markets. Uncooled 10G technology has not matured enough to be available at the right price for 
mass market deployment. Therefore, the evolution of transmitter and receiver technology may be 
required to make these systems viable in the future.  

NG PON 2 will include the standardisation of WDM PON but its scope has not yet been fully 
agreed by the FSAN Group. The ITU-T’s first recommendation is expected to be at the end of 
2012/early 2013, which is also currently the expected timeframe for WDM PON to be 
standardised. WDM PON equipment should be made available relatively quickly after 
standardisation as equipment vendors such as Nortel are expected to significantly influence the 
standards and have pre-standardised equipment already available. No major technological barrier 
was identified for WDM PON since pre-standard systems exist and have been deployed in at least 
two countries (the Netherlands and South Korea) as documented in Section 6.  

However, WDM PON using current technology carries a premium (it is 50% more expensive than 
the equivalent PTP solution) and significantly lacks density in the OLT site. For these reasons, 
WDM PON would significantly benefit from PIC technology (photonic integrated circuit 
technology where optical components are combined into a single chip), for example 32 WDM 
transponders could be implemented on the same chip, significantly increasing density and reducing 
costs.  

7.1.2 PON development between 2015 and 2025 

The standardisation bodies have not announced any plans beyond 2013 which makes it difficult to 
predict how these networks will evolve. However, based on interviews with leading academics and 
other key industry stakeholders, we try to predict the likely evolution of PON systems between 
2015 and 2025. We refer to this evolution as the third generation of NG PON (NG PON 3) in 
Figure 7.1.39

• 40G/100G PON (TDM) 

 We believe that NG PON 3 might comprise two developments: 

• 10G WDM PON. 
 

                                                      
39  NG PON 3 has not yet been named by the standards bodies and is Analysys Mason’s own naming. 
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40G PON or100G PON (TDM)  

As indicated in Figure 7.1, NG PON 3 might provide 40Gbit/s or 100Gbit/s in the downstream, 
with reach expected to be around 100km and a split ratio equal to or greater than 128:1. The final 
bandwidth (i.e. 40Gbit/s or 100Gbit/s) that will be standardised by the FSAN Group/ITU-T will 
depend on the relative maturity of the 40Gbit/s and 100Gbit/s technology. If GPON converges 
with EPON (Ethernet) by 2015, it is then likely that the evolution will be from 10Gbit/s to 
100Gbit/s as Ethernet has always increased its bandwidth by a factor of 10. However, if GPON 
does not converge with EPON, it is more likely that the evolutionary step will be to 40Gbit/s, 
which is more in line with traditional transmission systems (where bandwidth increase in multiples 
of four).  

There will be a number of challenges to overcome to provide this bandwidth both at the OLT and 
ONT sites. At customer premises, ONTs would have to operate at 40Gbit/s or 100Gbit/s, which 
may be challenging in the customer premise environment. Also, at 40Gbit/s, PMD starts to have a 
significant negative impact in the access environment, especially if the reach of these systems is 
100km or more. To combat PMD, sophisticated line coding (e.g. polarisation multiplexed QPSK) 
will need to be used in the ONT to decrease the baud rate and therefore mitigate the negative 
effects of PMD. This will result in a significantly increase in the complexity of the ONT 
architecture.  

In OLT sites, several 40/100Gbit/s transponders would be required, which could occupy a 
significant amount of space if discrete component technology is used.40

10G WDM PON 

 Therefore, PIC technology 
would significantly benefit the development of these systems by addressing both cost and density 
issues. 

Although we expect the deployment of WDM PON to be limited initially due to the premium cost, 
there will come a time when 10Gbit/s will be required by every user. 10Gbit/s WDM PON will 
then be the only PON-based solution suitable to offer this kind of bandwidth, while still benefiting 
from the shared nature of the infrastructure inherent to PON systems. 

However, a significant barrier for the implementation of 10G WDM PON systems will be the 
increased split ratio (128:1 or more) which means that the system will have to provide 128 or more 
different wavelengths at 10Gbit/s to serve individual users. This will require either the use of 
narrower spectrum lasers, which would be expensive and difficult to control in environment with 
fluctuating temperatures, or the expansion of the operating spectrum to other bands to allow a 
larger number of lasers with broader spectrum (see Section 4.5). In the latter case, for a 100km 
reach, amplifiers capable of operating across new bands such as O, E, S and possibly U bands will 

                                                      
40  At least 30 components are currently required to implement a 40Gbit/s transmitter compared to only 5 for a 10Gbit/s transmitter; see 

Section 4 for more information. 
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be required, as explained by Desurvire41

7.1.3 PON development beyond 2025 

 but are not commercially available today. In any case, it 
will be very challenging to support an increase in the split ratio as more and more wavelengths 
would be required if each user requires a dedicated wavelength; this is not compatible with the 
cost structure of FTTH systems. PIC technology may again be very beneficial especially for the 
OLT site, reducing costs and increasing equipment density.  

It is not possible to accurately predict how PON will develop beyond 2025 as many components 
are not available, even in research labs, to make this evolution happen. However, we believe that 
PON will rely on dynamic wavelength allocation, based on hybrid WDM/TDM multiplexing 
technology. We refer to this evolution as NG PON 4 in Figure 7.1 above.  

As introduced in Section 5.2.1, as the number of users per PON system increases, so the number of 
wavelengths required also increases as each is dedicated to a single user (i.e. the split ratio 
increases). However, dedicating a fixed wavelength to an individual user is somewhat wasteful as 
each user only uses, on average, a small fraction of the overall dedicated bandwidth. Ultimately, 
there will also be a limit to the number of wavelengths that can be accommodated in low-cost 
DWDM systems for FTTH applications (see potential barriers for NG PON 3). 

An alternative to fixed wavelength assignment is dynamic wavelength assignment. In a dynamic 
wavelength assignment scenario, the system would have a pool of wavelengths it could 
dynamically allocate at both the OLT and ONT, on a burst (number of contiguous packets) or 
packet basis, resulting in significantly fewer wavelengths required and better utilisation of each. 

Dynamic wavelength assignment could be realised in two ways: 

• dynamic allocation of a single user per wavelength 
• dynamic allocation of multiple users per wavelength. 
 
With dynamic allocation of a single user per wavelength, only active users are allocated a 
wavelength, which would lead to a significant reduction in the number of wavelengths in the 
system. However, this still means that each wavelength may not be used optimally while allocated 
to a particular user, as this user will typically receive/transmit traffic in bursts, not fully utilising 
total bandwidth at all times.  

Another way to optimise the utilisation of a wavelength is to dynamically multiplex in the time 
domain (TDM) several users on a single wavelength.  

Figure 7.3 is a simple example of the dynamic allocation of six users for traffic generated at the 
OLT. 

                                                      
41  “Capacity Demand and Technology Challenges for Lightwave Systems in the Next Two Decades”, Emmanuel B. Desurvire, Journal 

of Lightwave Technology, Vol 24, No 12, December 2006. 
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Traffic destination Time t0 Time t2 Time t3 

User 1 Packet 1– λ1 No traffic No traffic 

User 2 No traffic Packet 3– λ1 No traffic 

User 3 Packet 2– λ2 No traffic No traffic 

User 4 No traffic Packet 4– λ2 No traffic 

User 5 No traffic No traffic Packet 5– λ1 

User 6 No traffic No traffic Packet 6– λ2 

Figure 7.3: Example of dynamic wavelength allocation for multiple users at the OLT [Source: 

Analysys Mason, 2010] 

In this example a pool of two wavelengths is used to transmit traffic for all users. In effect, the 
traffic of three different users (i.e. users 1, 2 and 5) is multiplexed in the time domain before being 
allocated a wavelength (i.e. λ1) to fully utilise the bandwidth associated with that wavelength. In 
the above example, the next three users (i.e. users 3, 4 and 6) are time division multiplexed on to a 
second wavelength (i.e. λ2).  

Using this TDM/WDM hybrid approach, it is possible to envisage up to 1024 users could be on the 
same PON, using a total of 32 wavelengths (i.e. 32 users per wavelength). This is compared to 
1024 wavelengths if fixed wavelength allocation was used. 

However, there are currently a number of technological barriers that preventing such system being 
manufactured and deployed. First, the light sources at the OLT site would need to be able to re-
tune to a different wavelength in a nano/picoseconds timescale which is not currently possible 
using today’s tuneable lasers. Similarly, wavelength blocking filters in the ONT would also need 
to re-tune in a few picoseconds, also not currently possible. Lastly, the wavelength router (located 
at the splitter site) would need to be able to read the packet’s intended destination in order to route 
it to the appropriate egress port. This implies that the wavelength router would need to be an active 
device unless passive options are developed for performing optical header recognition in the 
optical domain. Optical packet switching is discussed in more detail in Section 7.3.5.  

By the end of this period (c.2030), we expect PICs to be mature and to be used as a default 
manufacturing process to implement active and passive components for future access systems. 

7.1.4 Summary of potential barriers to PON evolution  

Figure 7.4 summaries the potential barriers for each anticipated generation of PON. 
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Technology 
generation 

Development Potential barriers relating to 
components 

Other potential barriers 

NG PON 1 Extended reach to 
60 km 

• No barriers for amplification as a 
optical amplifiers are already 
available i.e. EDFA amplifiers 
(Note: a 3R repeater could also 
be implemented using existing 
technology)  

• Introduction of active 
equipment in the field could 
have a detrimental impact on 
business case  

• Operators will have to weigh 
up the consolidation of 
exchanges against the 
introduction of active 
equipment in the field 

XG- PON 1 • No major barriers in the OLT site  

• No major barriers in the ONT site  

 

XG- PON 2 • No major barriers in the OLT site   

NG PON 2 WDM PON • No technology barrier today to 
provide WDM PON equipment  

• No technology barrier for the 
wavelength multiplexer/ 
demultiplexer located in the field  

• Premium cost and the lack of 
density of current WDM 
systems needs to be resolved 
(PIC technology will address 
both issues) 

NG PON 3 40/100Gbit/s • ONTs would have to operate at 
40Gbit/s in customer premises  

• Sophisticated line coding will 
need to be used in the ONT and 
OLT to combat PMD  

• OLT will need PIC technology to 
achieve the required density42 

• At 40Gbit/s (and even more 
so at 100Gbit/s), PMD has a 
negative impact for distances 
of ~100km or more 

10G WDM PON • A potential barrier in the ONT site 
because it has to operate at 10 
Gbit/s in an uncooled 
environment which could affect 
the output wavelength of the 
device (especially if DWDM 
technology is used). 

• Increase in the split ratio to 
128:1 or above will require 
128 or more different 
wavelengths. Use of narrower 
spectrum lasers would be 
expensive and temperature 
sensitive. Expansion of the 
operating spectrum to other 
bands requires a larger 
number of lasers with broader 
spectrum 

                                                      
42  Remember from Section 4 that, using current technology, 30 individual components are involved for a 40Gbit/s transmitter compared 

to only 5 components for a 10Gbit/s receiver 
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NG PON 4 Dynamic 
allocation of single 
users per 
wavelength 

• ONT and OLT would need a 
laser source to re-tune to a 
different wavelength within 
nanoseconds  

• ONT would need temperature-
insensitive laser source given it 
would operate in a DWDM 
environment 

• The wavelength router would 
need a mechanism to match 
wavelength to output port 

Dynamic 
allocation of 
multiple users per 
wavelength 

• ONT and OLT would need a 
laser source to re-tune to a 
different wavelength within 
nanoseconds  

• ONT would need temperature- 
insensitive laser source 

• The wavelength router would 
need to be able to read the 
intended destination of the 
packet, effectively becoming 
an active device  

Figure 7.4: Summary of potential technological barriers to PON evolution [Source: Analysys Mason, 

2010] 

7.2 Point-to-point (PTP) network evolution 

The evolution of PTP networks is easier to predict than that of GPON mainly due to the fact that 
the underlying architecture directly links OLT and end users with fibre. Note that our long-term 
predictions (beyond 2015) should still be treated as indicative, due to the many uncertainties 
involved.  

Figure 7.5 below shows our anticipated evolution of PTP networks. 
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10G WDM PTP
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Figure 7.5: Possible evolution of PTP networks [Source: Analysys Mason, 2010] 
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7.2.1 PTP development in the next 5 years 

Current PTP systems can offer 100Mbit/s or 1Gbit/s of symmetrical bandwidth to each user. We 
believe that these systems will continue to be deployed until 2015–2020 (with a bias towards 
1Gbit/s) as they can address the bandwidth requirements of both residential and small business 
users. The evolution of demand in terms of bandwidth is given in Section 8 of this report. 

The only anticipated evolution in the short term is the reach of these systems, currently specified to 
10km by the IEEE standards.43

Another possible issue with current systems is the lack of density, as PTP are five to twelve times 
less dense than their GPON counterpart (see Section 

 It is likely that the IEEE will soon specify longer distances to 
extend the reach of current systems but have not yet made any announcements regarding 
standardisation. 

5.6.3). This is mainly due to the fact that on 
the OLT site, a port is required for every user, compared to one port for 32/64 users in GPON 
systems. A likely short-term evolution of PTP is the interfaces in the OLT site becoming more 
dense. Current small form-factor pluggables (SFP) contain both a transmitter and a receiver, and 
only use a single port, as illustrated in Figure 7.6. This is because they transmit and receive on a 
single fibre using different wavelengths. Introducing a second transceiver in the same SFP and 
using the second available port to connect a second fibre would effectively double the density of 
PTP system. We believe this technology could be made commercially available in the next two 
years. 

 

 

Figure 7.6: 1000 Base-BX SFPs used in PTP applications44

                                                      
43  Depending on the quality of the fibre, these systems could achieve in excess of 30km. 

 [Source: Cisco Systems] 

44  The figure shows two different SFPs. 
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7.2.2 PTP development between 2015 and 2025  

We expect PTP systems to evolve to 10G Ethernet and to be deployed from 2015. Current 10G 
Ethernet interfaces are specified to reach as far as 80km (10G BASE-ZR). However no standard 
currently exists for single-fibre 10G Ethernet (10G Base-BX) which has to be developed to be 
compatible with PTP systems. According to our interviews, the IEEE has not yet defined any 
timescales to standardise the 10G Base-BX interface. Given that PTP technology is based on 
Ethernet technology, we believe that the standardisation of such an interface will be rapid once 
demand justifies the increase in bandwidth.  

We also believe that there will be a case for extending the reach of PTP systems, in the attempt to 
consolidate OLT sites (local exchanges). Given the maturity of 10G Ethernet interfaces, we expect 
that a low-cost 10G interface, achieving a 50km reach, may be commercially available by  
2015–2017.  

7.2.3 PTP development beyond 2025 

It is very difficult to predict what technologies will be available or even deployed beyond 2025, 
therefore the expectations we give below are only indicative.  

From the interviews we carried out, we have identified two developments to PTP networks that 
might occur:  

• WDM PTP 
• 100G PTP. 
 

WDM PTP 

WDM PTP consists of allocating several wavelengths in each fibre dedicated to a single user. We 
expect that dedicated 10G PTP should be sufficient to provide bandwidth to end users up to 2025. 
After that, we may see 10G CWDM systems emerging to provide up to eight Ethernet channels at 
10Gbit/s each for each user. Because a PTP architecture can address the requirements of individual 
users separately through dedicated fibre, it should be possible to use cost-effective CWDM 
technology (see Section 4.6.2 for more detail on CWDM technology) to provide bandwidth greater 
than that of 10G PTP systems. Multiple wavelengths per user could be used to provide different 
services from different service providers or could be used by a single provider to differentiate 
between services. Please note that the CWDM technology is less affected by temperature variation, 
and therefore more suitable for customer premises environments. 
 
If several channels are to be provided to each user, it will reinforce the requirement for PIC 
technology to be made available to increase equipment density in the OLT site, as up to eight 
transceivers would be required per user.  
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Furthermore, at the ONT site a wavelength multiplexer/demultiplexer would be required, as well 
as up to eight different transponders (refer to Section 4.6 for more on information transponders). 
Again, in order to keep the ONT small in a cost-effective manner, PIC technology would be 
required to implement these eight transponders on a single chip.  

100G PTP 

Alternatively, we may see the deployment of 100Gbit/s technology in the access network beyond 
2025. Note this is not feasible with the current technology, which does not provide a 100Gbit/s 
interface for any commercial systems. 

As with GPON (see Section 7.1.2), 100G signals would be affected by PMD, with 100G signals 
being heavily affected, and therefore sophisticated modulation rate would be required to 
significantly reduce the baud rate and therefore the effect of PMD. Advances in forward error 
correction (FEC) and electronic PMD compensation (see Section 4.4) could also help combat the 
negative effects of PMD for 100Gbit/s systems. 

Long-term reach of PTP 

A fundamental difference between the anticipated evolution of PON and that of PTP is the 
difference in reach. We expect PTP systems to ultimately have a smaller reach than GPON 
systems. This is because PTP systems are, in general, more suited to smaller deployments due to 
their extensive use of fibre. To try to reach beyond 80km with PTP systems would mean that ducts 
and other passive infrastructure would probably need to be upgraded to accommodate the shear 
amount of fibre required, and therefore making the business case unviable for the operator. 

We also believe that it would be extremely inefficient to implement amplification for PTP systems, 
as a different amplifier may be required for each fibre and therefore each user, which would 
significantly increase the cost of the solution both in terms of capex and opex. If the operator 
needs to consolidate its exchanges, GPON technology will be more efficient, only using a fraction 
of the amount of fibre compared to an equivalent PTP solution. Therefore, we expect PTP to be 
limited to a maximum of 80km in the long term. 



Fibre capacity limitations in access networks | 111 

Ref: XOF4G011V03   

7.2.4 Summary of potential barriers to PTP evolution  

Figure 7.7 gives a summary of the potential barriers for each anticipated stage of PTP evolution. 

Technology 
generation 

Development  Potential barriers relating to 
components 

Other potential barriers 

PTP 
Extended reach 
30km  

• Standardisation of longer-
reach interfaces  

• Lack of density of equipment 
which may be addressed by the 
standardisation of an active 
dual port SFP 

10G PTP 
Increase in 
bandwidth to 10G 
per user 

• Standardisation of 10,000 
BASE-BX interfaces ] 

 

10G WDM 
PTP 

Increase in 
bandwidth to 8x10G 
per user 

• Availability of cost-effective 
CWDM components in both 
ONT and OLT sites 

• Availability of PICs for both 
the OLT and ONT sites to 
improve density and cost 

 

 

100G PTP 
Increase in 
bandwidth to 100G 
per user 

• Sophisticated line coding 
will need to be used in the 
ONT and OLT to combat 
PMD 

• Given that PTP is expected to 
have a shorter reach than PON 
systems, PMD is less of an 
issue, but the increase to 
100Gbit/s means it will still 
affect the system 

 

Figure 7.7: Summary of potential barriers to PTP evolution [Source: Analysys Mason, 2010] 

7.3 Evolution of enabling technologies 

For each generation in the evolution of GPON and PTP given above, we have identified 
technological advancements that would make that evolution feasible. In Figure 7.8 below we list 
the evolutionary steps on the vertical axis and the five enabling technology categories (identified 
in Figure 4.1) on the horizontal axis, and display level of development required for each 
combination. In the diagram, optional evolution means that advances in technology would help but 
is not vital for the development of the considered FTTH technology. 

In Figure 7.8, mandatory evolution means that technology evolution is necessary for the solution 
to be developed. No evolution required means that current technology is sufficient to implement 
the solution. Optional evolution means that advances in technology would help implement a better 
solution, but is not strictly necessary. 
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Figure 7.8: Technology evolution requirements [Source: Analysys Mason, 2010] 

The first observation is that more evolution of enabling technologies is required for PON 
generations than for PTP architecture, which in a way, makes PTP a less risky technology to invest 
in. In addition, due to the greater bandwidth scalability of PTP systems, the expected lifecycle of 
each generation of PTP is likely to be longer than that associated with TDM PON. This is an 
important result, as it indicates that operators will have longer to establish a return on their 
investment with a PTP architecture compared to a TDM PON architecture, despite a slightly more 
expensive initial deployment costs (see Section 8.4 for cost analysis).Below we assess the 
evolution of each enabling technology, particularly considering the research of the leading 
academics interviewed.  

7.3.1 Evolution of optical fibre technology  

We have already noted that PMD will represent an increasing barrier, as access technology 
increases in both bandwidth and in reach. As identified in Section 4.1.5, PMD is the result of 
imperfections in the fibre causing the X component of the electro-magnetic wave to have a slightly 
different refractive index to the Y plane component, resulting in the two components travelling at 
slightly different speeds through the fibre. 
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This section presents silica-based fibre, which is currently deployed, and two advanced fibre types: 
plastic and microstructure optical.  

Silica-based fibre  

A number of materials have been tested for use as optical fibres including silica, fluoride glass, 
phosphate glass, chalcogenides and polymers (which are used to make plastic fibres). However, 
silica-based fibre is the only type of fibre widely deployed today. This is due to its all-round 
desirable properties, such as high mechanical strength, easy-to-cleave structure, chemical inertness 
and resistance to water absorption. It also has relatively low loss in the second and third telecom 
windows (see Section 4.1.2). 

Great effort has been directed towards the development of silica fibre, such that it is more 
advanced than fibre based on any other type of material. Continuous improvements are expected, 
especially relating to PMD, optical attenuation and the development of new coatings to improve 
mechanical strength. In terms of attenuation, we do not foresee standard G.652 fibre having less 
than 0.18dB/km mainly due to Rayleigh scattering. 

According to a number of fibre vendors and operators interviewed for this report, silica-based fibre 
will dominate the landscape for another 20 to 25 years, and will continue to be deployed until then.  

Plastic fibre 

Plastic optical fibre typically uses PMMA (acrylic), which is a general purpose resin, as the core 
material, and fluorinated polymers for the cladding material. Plastic fibre also has desirable 
properties such as ease of splicing, mechanical strength and low cost. However it suffers from a 
number of adverse physical properties such as high loss (e.g. 60dB/km compared to 0.2dB/km for 
silica) and a large core diameter (meaning they are susceptible to inter-model dispersion). This 
means plastic fibre is not suitable for use over distances greater than a few hundred metres. 
However, plastic fibre is expected to be increasingly deployed in consumer markets for home 
networking, where it could be used to connect several devices in the customer premises.  

Microstructure optical fibre  

Microstructure optical fibre, also known as photonic crystal fibre, contains small, closely spaced 
longitudinal air holes to produce wave-guiding properties, due to air altering the overall refractive 
index. There are various potential hole arrangements, leading to fibres with a variety of properties. 
Microstructure optical fibre is based on two principles of light guidance, resulting in two types of 
fibre: 

• index-guided fibre 
• photonic bandgap-guided fibre. 
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Index-guided fibres are those guided by the principle of total internal reflection (TIR). The same 
silica glass (with refractive index of n=1.45) is used for both the core and cladding. However, the 
air channels (with refractive index of n=1) in the cladding region lowers the effective index of the 
cladding to below that of the core. Single-mode microstructure fibre achieves single-mode 
guidance at all wavelengths from 1200 nm through 1700 nm which could increase the useable 
spectrum of a fibre.45 Figure 7.9 An index-guided fibre is illustrated in . 

 

air channel

solid corecoating

silica

air channel

solid corecoating

silica

 

Figure 7.9: Index-guided microstructure fibre [Source: Analysys Mason, 2010] 

In marked contrast, photonic band-gap guidance refers to the propagation effect of the constructive 
interference of scattered light. Photonic bandgap-guided fibre requires the refractive index of the 
core to be less than that of the cladding. When light meets the core/cladding interface, constructive 
interference of some of the scattered light causes specific bands of light to propagate. 

One way to design a fibre with core index lower than the cladding index, is to use air (with n=1) as 
the core. Air-core fibres represent a revolutionary advance in optical fibre technology since the 
theoretical attenuation predicted is <0.001dB/km. Additionally, with air as the core, non-linear 
impairments such as four-wave mixing, cross-phase modulation, and stimulated Raman scattering 
(see Section 4.1.6) would no longer be inhibitors to high-speed, high-channel, high-power 
transmission. The very low loss predicted, means that the optical source could need less power, 
and therefore be cost effective.  

                                                      
45  For more detail, please refer to “Microstructure optical fibres”, OFS, 2005. 
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Figure 7.10: Photonic bandgap-guided microstructure fibre [Source: Analysys Mason, 2010] 

However, microstructure optical fibre is still being developed the labs and has not been deployed 
commercially. Given the increased costs compared to standard silica-based fibre, we do not 
foresee microstructure fibre being deployed in the mass market in the timeframe we consider (to 
2035) and therefore will have a limited impact in enabling future FTTH systems. 

7.3.2 Evolution of optical amplification  

With expected reach extending beyond 100km for PON, increasing split ratio, and increasing 
bandwidth requirements, it seems inevitable that some active equipment such as optical amplifiers 
or repeaters will need to be located in the field. For the access network, these amplifiers will need 
broad spectral performance, especially for WDM PON and PTP solutions which may need to use 
all O, E, S, C, L and U bands. There will also be a requirement for these amplifiers to have high 
intrinsic temperature stability.  

Erbium-doped fibre amplifiers (EDFAs), which are the most commonly deployed type of device, 
only operate in the C and L transmission bands and they are quite sensitive to temperature change. 
Therefore, they do not appear to be particularly suitable for access network deployments.  

A promising new type of semiconductor based on InGaNAs quantum dot technology (which we 
explore in more detail in Section 7.3.4 below) is currently under investigation in various labs 
belonging to the DOTCOM consortium.46

Also, it is worth noting that Infinera has recently demonstrated the successful transmission of data 
with a 100Gbit/s PIC using on-chip semiconductor amplifiers (SOAs) in the S-band over a 

 This technology shows promise for use in amplifiers 
with a higher intrinsic stability and broader spectral performance (potentially 100nm spectral 
width) than currently commercially available products, and could therefore prove to be suitable for 
access network deployment. 

                                                      
46  See: http://www.ist-world.org/ProjectDetails.aspx?ProjectId=e3867433271f43c29da2ea46bc6e6028  

http://www.ist-world.org/ProjectDetails.aspx?ProjectId=e3867433271f43c29da2ea46bc6e6028�
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distance of 320km for long-haul applications. This achievement is significant as it means that 
optical systems are no longer confined to the traditional third telecom window (C and L bands) but 
can start using a wider portion of the fibre spectrum, which will ultimately mean greater capacity 
in these networks.  

7.3.3 Evolution of coding, modulation and detection technologies  

We believe current modulation technologies will still be suitable to 2020 as the line rate is not 
expected to go beyond 10Gbit/s for either PON or PTP. However, after 2020 rates are likely to 
increase to 40Gbit/s and beyond, and because distances will increase to 100km and beyond (at 
least for PON systems), the negative effects of PMD will become significant. Therefore 
sophisticated coding schemes will be required to reduce the baud rate (as discussed in Section 4.4) 
to mitigate the effects of PMD. Such coding schemes do exist today but are very expensive and 
highly sensitive to changes in temperature. Therefore, in order to develop suitable products for the 
access network, a combination of advancements in both materials and PIC technology will be 
required. 

Beyond 2030, as the required bandwidth is likely to increase to 100Gbit/s, a whole new generation 
of coding/modulation technologies may be required in the access network. This is because as the 
bandwidth increases, the number of output states that the line coder must generate also increases. 
Using the Mach Zehnder interferometer47

In our survey of modulation technology, we did not observe any novel architectures that would 
address the issue of the number of components required for the modulator. However, we recognise 
that our survey was time-limited, and that there may be technologies currently in development, or 
that there may be in future. We do know that some labs are investigating how semiconductor 
optical amplifiers (SOAs) could be cascaded to form a modulator. 

 approach, the number of components required to 
implement modulators exponentially increases with bit rate, which is not sustainable.  

7.3.4 Evolution of optical transmitters and receivers 

There are several factors that affect the need for evolution in optical transmitters and receivers.  

In the access network, there is currently no need to use bandwidth more efficiently because the 
requirements are limited and will always be much less than in the metro/core networks. 
Manufacturers can currently exploit this to develop cheap transmitter/receiver technologies to 
address the cost issues in access systems. For example, light sources with a wide emitting 
spectrum could be produced at a fraction of the cost of those used in long-haul applications, which 
require a very narrow spectrum so that the system can accommodate a large number of 
wavelengths. In access networks, this requirement does not exist.  

                                                      
47  “How does a Mach-Zehnder interferometer work?”, P Zetie et al 2000 Phys. Educ. 35 46-48. 
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We also anticipate that multi-mode fibres (described in Section 4.2) will be optimised for in-
building systems to further reduce the cost of connectors and therefore devices (as multi-mode 
connectors are much cheaper). Also, LEDs will probably dominate home networks instead of 
lasers for cost reasons which is widely available today. 

However, a key requirement for FTTH networks is the availability of light sources (transmitters) 
and receivers that can operate across a wide temperature range, particularly for use at customer 
premises. Such technology for DWDM applications is not yet mature, especially for laser sources 
operating at 10Gbit/s and beyond. In development, however, is a new technology referred to as 
quantum dot, which enables the manufacturing of light sources with temperature-independent 
characteristics, while still being able to emit light at a wavelength that is consistent with that 
defined for upstream XG PON systems by the FSAN Group (i.e. between 1260nm to 1280nm, as 
defined in Section 5.4.).  

In practice, a quantum dot is a very small structure that is embedded in another semiconductor 
material, which, due to its small size, has the capability to confine electrons. Typical dimensions of 
quantum dots are around 10nm to 20nm and are therefore considered to be a branch of 
nanotechnology. Quantum dot technology uses either a InAs on GaAs layer, or InAs on InP 
layer.48

As mentioned in Section 

 In the latter case, there is usually a thin layer of GaAs below the InAs dot to improve the 
spherical nature of the dots. InAs on GaAs emits light at around 1300nm which is the wavelength 
of operation of XG PON.  

7.3.2, quantum dot research is being led by the DOTCOM academic 
consortium but a number of industrial players are also looking at the technology. For example, 
Innolume, a component manufacturer, has successfully developed 10Gbit/s lasers based on 
InAs/GaAs49

Looking at our anticipated evolution for PON and PTP presented in 

 quantum dot technology. These lasers operate according to the necessary temperature 
insensitivity, low threshold current, high efficiency, high speed, high power, and narrow 
bandwidth. The cost of these devices is still unclear though. 

Figure 7.1 and Figure 7.5, 
cheap, quantum dot semiconductor lasers with high intrinsic temperature stability will be 
especially useful in customer premises (and outside if required) for DWDM applications. 

Forward error correction (FEC) and electronic dispersion compensation (EDC) technologies 

As explained in Section 4.4.4, forward error correction (FEC) is a digital processing technique 
whereby errors which occur in the transmission channel may be corrected at the receiver. In a 
similar way, and electronic dispersion compensation (EDC) technology consists of pre-distorting 

                                                      
48  InAs is indium arsenide, GaAs is gallium arsenide, InP is indium phosphide. 

49  Indium arsenide quantum dots in gallium arsenide with aluminium gallium arsenide barriers, all on gallium arsenide substrates. 
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the signal with the inverse characteristics of the transmission medium such that the negative 
effects of dispersion result in a non-dispersed pulse at the receiver.  

Equipment vendors have only just started to discover the real power of electronic signal 
processing, including FEC and EDC, which can be used to recover degraded bits and mitigate the 
degradation of optical signals due to chromatic or polarisation mode dispersion, thereby increasing 
system reach. These techniques are very cost effective as they only rely on software. These 
technologies will be a significant enabler for fibre access networks, especially when bit rates 
increase to 40Gbit/s and beyond (from 2025 in our prediction).  

Evolution of integrated optics (PICs) 

We explored in Section 4.5.3 photonic integrated circuits (PICs), which combine optical 
components e.g. transmitters, modulators, detectors, attenuators, amplifiers and multiplexers/ 
demultiplexers, and use waveguides sitting on top of a semiconductor substrate to interconnect 
them. They thereby replace more commonly used optical fibres, which are more costly and less 
reliable. 

Integrated optics offer an opportunity to significantly reduce the cost, reliability, power 
consumption and footprint of networking equipment, which is an attractive proposition for 
operators. Silicon in particular offers a very attractive combination of low loss and high refractive 
index. Therefore, silicon photonics is currently an area of significant research activity, and silicon-
on-insulator photonics technology is considered to be the main platform for future integrated 
optics, particularly as the processes are taken from the microelectronics industry, which is very 
established. 

Despite the advantages, a number of barriers have prevented the progress of PIC technology. First, 
the yield (i.e. percentage of successfully manufactured chips) has been a significant issue as any 
defects introduced during manufacturing can destroy chips and wafers reducing the yield to zero. 
This has been largely improved by new manufacturing processes. Second, software simulation 
packages to predict the behaviour of light within components are extremely complex to develop. 
Deciding on the optimum material to use for such technology has also been difficult, as material 
with desirable properties may not be so suitable when considering other performance aspects of 
the device. The most relevant properties of materials from the perspective of integrated optics 
include:  

• optical attenuation 

• the refractive index (a higher refractive index means light can be taken around sharper bends, 
therefore being suitable for smaller devices) 

• the thermo-optic coefficient (a higher coefficient means the refractive index more sensitive to 
temperature and therefore less appropriate for uncooled environments) 
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• the ability to emit light at the required wavelength (which is restricted to indium phosphide 
and gallium arsenide). 

The integrated optics industry is well established, although the progress towards commercially 
available products has been relatively slow. However, the resurgence in bandwidth requirements 
of end users, coupled with the need for operators to keep down the cost per bit transported, means 
that new ways to reduce the capex and opex of optical systems (including access systems) are 
being sought. Integrated optics promise to help with this challenge and therefore has enjoyed 
renewed interest in recent years. 

Note that structural issues within the industry may hamper the development of promising 
integrated optics technologies. Equipment suppliers want to develop differentiated products based 
on innovative components, but they do not have the internal capability to manufacture them (since 
they previously sold their capabilities to do so in the early 2000s); consequently, they have to rely 
on external suppliers, over which they have little control. The much-needed programmes to 
develop innovative components have greater intrinsic risk, for which the components suppliers 
have no appetite, since they need to be sustainable and profitable (and are therefore focusing on 
low-cost and high-volume strategies rather than those based on developing innovative new 
products).  

One equipment supplier (Infinera) has defied the trend and has its own capability to manufacture 
optical components and photonic integrated circuits (PICs). This has allowed it to tailor products 
to support a strategy that is significantly differentiated from its competitors. Rather than develop 
products to meet the requirements of all optical networking (in which electronic processing is 
relegated to the edges of the network on the assumption that optical-electrical-optical (OEO) 
conversions are prohibitively expensive), the drive has been to significantly reduce the cost of 
OEO conversions through the use of monolithic photonic integration in indium phosphide (InP) 
material.50

Referring back to the evolution diagrams for PON and PTP (

 

Figure 7.1 and Figure 7.5), integrated 
optics will continuously support the evolution of all types of technology in the access network, 
where cost will always be a strong driver, a density a pre-requisite for operators to control their 
costs. This is because integrated optics will significantly reduce the cost of equipment (as well as 
its reliability, power consumption and footprint). The technology will be especially supportive of 
the 10G WDM options, as it would otherwise require many discrete components to be 
implemented, yielding poor densities and high costs. 

                                                      
50  “Photonic Integration Circuits, A technology and application primer”, Infinera, 2005 (www.infinera.com). 
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7.3.5 Evolution of multiplexing technology  

TDM  

We explained the concept of TDM in Section 4.6.1, showing current capabilities. Beyond 2015, 
we expect that around 10Gbit/s per wavelength will be necessary, which for TDM is not 
problematic. Beyond 2025, 100Gbit/s will be required, should the non-WDM route be followed. 
100Gbit/s is already achieved in the labs, and by 2025, it is expected that these technologies will 
be made available in the access network.  

WDM 

We explained the concept of WDM in Section 4.6.2, showing current capabilities. Beyond 2025, 
as requirements increase to around 100Gbit/s, the network may begin to follow the development 
identified on our evolutionary diagram, to provide a number of channels with low bit rates. 

We believe the requirements for WDM systems will differ widely between PTP and PON. For 
PTP networks, it is most likely that only relatively cheap coarse wavelength division multiplexing 
(CWDM) equipment will be deployed. This is because only a relatively small number of 
wavelengths will be needed per customer i.e. fewer than eight. This technology is widely available 
today for metro systems and should not be too challenging to implement in the access network at a 
cost that is compatible with mass market products. In marked contrast, WDM PON systems will 
have to use dense wavelength division multiplexing (DWDM) to support an increasing number of 
users (128 or more), each with a dedicated wavelength, requiring expensive optical sources with 
narrow spectrum. As mentioned, even with the opening up of the spectrum of the fibre to E, S, O 
and U bands, there will come a point where dedicating single wavelength to end users cannot be 
sustained in access networks.  

One way to mitigate this problem is to use dynamic wavelength assignment, where a wavelength is 
only allocated to an active user which will significantly reduce the overall number of wavelengths 
required in the PON. However, this still means that each wavelength may not be used optimally 
while allocated to a particular user, as this user will not always receive/transmit traffic. Therefore 
new multiplexing schemes may be required to further optimise the use of resources. 

Hybrid TDM/WDM multiplexing  

One way to optimise the use of wavelengths in PON is to dynamically multiplex in the time 
domain (TDM) several users on a single wavelength, thus combining TDM and WDM 
multiplexing. This is what we refer to as dynamic allocation of multiple users per wavelength in 
Section 7.1.3. 
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TDM multiplexing can be achieved at different levels to achieve various levels of efficiency. The 
most granular approach is to multiplex at the packet level. In this way, the OLT would look in its 
buffers the packets that have to be multiplexed and allocate the number of wavelength on that 
basis. This of course would require extremely fast re-tuning of the lasers sources (picosecond). 

Alternatively, wavelength could be allocated based on a burst (number of contiguous packets) 
basis, based on analysing traffic flow for each users. This in theory would yield more manageable 
re-tuning for light sources and receivers but would require immediate analysis of the traffic 
streams of different users. Finally, a less efficient but more manageable multiplexing scheme 
would be based on time windows (for example a few seconds), where for a given time, the traffic 
of some active users would be multiplexed onto the same wavelength. While it is beyond the scope 
of this report to discuss the implementation of the architecture that would achieve such hybrid 
multiplexing, a number of component functions desirable for such network can be identified. 

First, light sources that can tune very rapidly would be required. Today, the re-tuning time of 
typical WDM DFB lasers is measured in microseconds, which would not be fast enough. 
However, a number of academic labs have reported a new generation of light sources whose 
wavelength can be retuned in nanoseconds. It should be noted that such devices should also be 
temperature independent which is a considerable challenge. 

But the fundamental change in architecture for systems using hybrid TDM/WDM multiplexing 
technology would be in the splitter site. Since the wavelength transporting traffic for a particular 
user would change, it would be no longer possible to use arrayed waveguide grating (AWG)-based 
WDM demultiplexer as they associate wavelength and output port in a static manner. Instead, an 
active device would be required in the splitter site, performing packet inspection in real time to 
determine the destination and therefore switch to the associated port, which in effect, would have 
similar functionalities as an Ethernet switch. Although we have not identified any stakeholders 
looking at these devices yet, it should not represent a barrier in the evolution of such systems 
considering the relatively low bit rate (compared to long-haul systems) in the considered 
timeframe. 

Note that hybrid multiplexing technology would not be required for PTP systems as there is no 
need to optimise the use of resources because users do not have to share the capacity of the fibre.  

The introduction of such hybrid WDM/TDM technology is not feasible before 2030. 

Optical packet switching 

Networks in which all OEO conversions are removed and where the data packets are directly 
processed in the optical domain are often referred to as all-optical packet switching networks. All 
optical packet switching has been the goal of optical transmission systems for more than a decade, 
but with very little process being made in terms of implementing practical devices for use in 
commercial networks. Two main barriers remain for the development of such technology: 
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• lack of optical buffer or memory 
• lack of processing capabilities of all optical devices. 

Optical buffering technology has been studied by a number of research groups from academia and 
industry. The two main approaches are circulating fibre loops51

In terms of optical processing equipment, it is possible today to manufacture logic optical gates 
such as an XNOR gate using SOAs.

 and storage of a photon in the form 
of an electron but neither approaches have proved conclusive so far.  

52

Due to the embryonic nature of all-optical packet switching technology and due to the fact that the 
relatively low level of traffic in the access network, it is unlikely that all-optical packet switching 
will play a major role in access networks for the investigated timeframe (up to 2035). However, a 
break-through in the development of either optical buffer or all-optical processors may change this 
view and transform network paradigms as we know them today. 

 However, all optical processors equivalent to electronic 
processors are still considered by the research community as a distant future objective. 

7.4 Conclusions 

Although the analysis of the long-term evolution of FTTH can only be indicative, we have made a 
number of observations that help in understanding the potential barriers to the evolution of 
capacity. 

Passive infrastructure 

As reported by a number of stakeholders, it is likely that the predominant FTTH topologies – PON 
and PTP – will remain topologies of reference for the foreseable future. This is because significant 
infrastrucuture investment is currently being made by operators around the world deploying these 
topologies and it is unlikely that any medium or long-term plans will depart from these topologies. 

Active infrastructure 

The active layer will evolve to provide increasing bandwidth and reach for both PON and PTP 
networks. Based on views gathered from academia and industry, the possible evolutions of both 
PON and PTP networks are illustrated in Figure 7.11 and Figure 7.12 respectively.  

                                                      
51  In a circulating loop, the optical signal is circulated in a loop of fibre which effectively acts as a delay line. The main drawback of this 

approach is the attenuation experienced by the signal in the fibre loop. 

52  “Simultaneous four-wave mixing and cross-gain modulation for implementing an all-optical XNOR logic gate using a single SOA”, 
Saurabh Kumar and Alan E. Willner, 2006. 
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Figure 7.11: Possible evolution of PON [Source: Analysys Mason, 2010]  
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Figure 7.12: Possible evolution of PTP networks [Source: Analysys Mason, 2010] 
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An important finding is that PTP is likely to have a shorter reach than PON due to the large 
amount of fibre required, which would congest the existing passive infrastructure, and therefore 
require significant capital investment to upgrade the operator’s infrastructure. And although it is 
possible that WDM PON may reach a limit in the number of wavelengths that can be 
accommodated, mainly for cost reasons, by 2025–2030, new hybrid TDM/WDM multiplexing 
technologies may be required to better utilise the resources of PON. This new cycle of technology 
will in itself require significant R&D effort to be become commercially available. 

Enabling technologies 

The evolution of PTP and PON will be enabled by the development of key optical components and 
technologies as illustrated in Figure 7.13. 
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Figure 7.13: Technology evolution requirements [Source: Analysys Mason, 2010] 

Based on Figure 7.13, the we conclude that PTP might have a smoother evolution path than the 
equivalent PON technology, as it will rely less on the availability of new optical components and 
technologies than PON. Plus, neither PTP nor PON will rely on the evolution of fibre (at least up 
to 2025–2030) and silica-based, single-mode fibre will continue to dominate FTTH deployment 
for the next 20 years. This is an important result as it means that fibre that is deployed today (i.e 
G.652) will not be stranded and will support the evolution of FTTH networks. 
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However, crucial to the evolution of both PTP and PON is the development of integrated optics 
circuit technology and of temperature-independent optical components. Equipment vendors have 
also only just started to discover the real power of electronic signal processing, including FEC and 
EDC which can be used to recover degraded bits, mitigate the degradation of optical signals due to 
chromatic or polarisation mode dispersion, and therefore increase system reach. These techniques 
are very cost effective as they only rely on software. These technologies will be significant 
enablers for fibre access networks, especially when bit rates increase to 40Gbit/s and beyond (from 
2025 in our prediction).  

PIC technology evolution 

The development of photonic integrated circuit (PIC) technology will enable a significant cost 
reduction in the production of optical devices as it will integrate many disparate optical functions 
into a single material platform. In this context, PIC will help to manage the cost of future ONT 
(CPE) so that it remains at an attractive mass market price, event though the equipment will evolve 
in complexity due to increasing bandwidth requirements. PIC will also enable operators to reduce 
their cost in the OLT sites by providing denser and cheaper OLTs. 

PICs will inherently enable a significant densification of devices which will be required especially 
for configurations that need a large number of transponders in the OLT site (i.e WDM PON, 10G 
WDM PON, 10G WDM PTP). This will, of course, be accompanied by a significant decrease in 
power consumption for these devices, which, in the context of green ICT, is a positive step 
forward. 

Integrated optics circuit technology has not enjoyed its expected evolution over the last 10 years 
mainly due to the global trend of outsourcing optical components to large consolidated component 
manufacturing companies. Component manufacturers have had little incentive to invest in R&D 
programmes due the the requirements to see quick returns on their investment. However, 
innovators such as Infinera are reversing this trend and setting new standards for the whole optical 
network industry. Given the opportunity presented by the size of the access network market, we 
expect a significant acceleration in the development of PIC technology in the next few years.  

Temperature-independent optical components  

A potential barrier in the development of PTP and PON is the requirement for temperature-
independent optical components to be used in customer environments, especially for DWDM 
applications. Emerging technologies, such as quantum dot technology, offer a very promising 
solution to the issue of temperature variation. These technologies are currently being investigated 
by a number of academics and industrial research groups.  
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8 Demand, capacity and cost analyses for FTTH access 

networks  

8.1 Introduction  

The evolution of optical technology in the access network will enable bandwidth to increase 

exponentially in the next 20 years. In this section, we investigate the services (and related demand) 

that are likely to be offered to FTTH subscribers, and assess whether or not the bandwidth 

available, as defined in the PON and PTP timeframes given in Figure 7.1 and Figure 7.5, will be 

able to support these services over the various timescales.  

Critical to FTTH take-up is the issue of cost. In order to understand current cost structures and 

their likely evolution, we compare the current deployment costs of FTTH technologies in the UK 

(TDM PON, WDM PON and PTP) and provide some insights into how these might evolve with 

the introduction of photonic integrated circuits (PICs) and the use of coarse WDM (CDWM) 

technology. 

8.2 Demand and service considerations  

8.2.1 Service evolution 

In recent years, the introduction and growth of FTTH networks has been driven by two services for 

the downstream and the upstream respectively in particular: 

 IPTV (downstream) 

 social networking and user-content generated websites (upstream) 

IPTV requires higher downstream bandwidths in order to view high-definition TV (HDTV). At the 

same time, the increase in user-generated content services has created demand for greater upstream 

bandwidth. Meeting demand for bandwidth is increasingly challenging over traditional, 

asymmetrical copper access networks. 

IPTV  

Video can be delivered over the Internet using several kinds of delivery mechanism; we can 

classify these as:  

 download-and-store 

 streamed to a PC or TV using an ‘open’ platform 
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• streamed to a TV using a ‘closed’ (proprietary) IPTV platform.  

These three categories are shown in Figure 8.1. 

Download-
and-store video

Streamed
video (open)

Streamed
video 

(closed IPTV)

PC (TV*) PC (TV*) TVUser interface

Examples 4oD, iPlayer,
Sky Anytime 

Non-linear Non-linear VoD Linear and non-
linear VoD

YouTube, iPlayer Tiscali, 
BT Vision, 

Virgin Media

Relative video 
quality Medium Low High

Relative bandwidth
requirement Low Medium High

Mode

 

Figure 8.1:  

Simple classification of 

the different types of 

mechanisms used for 

delivering video content 

over the Internet. The (*) 

indicates a transition to 

TV from PC, already 

starting, enabled by in-

home technologies  

[Source: Analysys Mason, 

2010] 

 

The first mechanism, download-and-store, involves users downloading video files for storing and 
viewing later. The files are typically 500–1000MB in size and are stored and viewed on a PC. This 
is the mechanism used to deliver services such as Channel 4’s 4oD, the BBC’s iPlayer or Sky’s 
Anytime. 

Much of the recent growth in video service consumption has come from the second category, open 
(or ‘over-the-top’) streamed video. Streamed video is a form of video on demand (VoD), in 
which the consumer is able to view content when they want to, with no need to wait until the 
whole video file has been received.  

There has also been growth in the third category of closed IPTV systems. These also use 
streaming to deliver content, but have the benefit of being higher quality, and are often easier to 
use. A notable example is Virgin Media offer of the BBC’s iPlayer; this offer has been particularly 
successful. A large part of this success is likely to have come from the fact that consumers can 
access the content on a TV, which provides a better quality of experience, as opposed to the 
smaller-screened PC which presents a less conducive atmosphere for relaxing to watch TV. 

IPTV evolution 

The evolution of IPTV will be affected in particular by advanced video compression codecs and 
advanced video services, such as high/ultra high-definition TV (HDTV/ultra HDTV) and 3DTV. 
Video compression technologies will reduce bandwidth requirements, but advanced services will 
increase bandwidth demand. 

Streaming standard-definition TV (SDTV) currently requires 2–5Mbit/s downstream bandwidth 
(the exact requirement varies depending on the level of motion in the video). Most SDTV 
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programming channels are transmitted using MPEG-2 compression technology (for reasons of 
backward compatibility with old set-top boxes). On average, the bandwidth required to transmit 
video using the more advanced MPEG-4 requires roughly half as much bandwidth as using 
MPEG-2. High-definition programming channels, however, are almost always transmitted using 
the more advanced MPEG-4 – the average requirement for an HD channel using MPEG-4 is  
6–13Mbit/s. MPEG-4 is currently state-of-the-art. 

Ultra HDTV is the next evolution of HDTV technology, offering 7680×4320 pixel resolution, 
which is 16 times the pixel resolution of current HDTV. In addition to the significant upgrade in 
video quality, sound quality is also increased with ultra HDTV as 24 channels of audio can be used 
with 24 speakers (i.e. complete surround sound), producing a difference comparable to the video 
resolution. However, it is difficult to predict when or if 2D ultra HDTV will be established before 
3DTV becomes a standard service. 

The development of video standards supporting 3DTV (requiring no external apparatus such as 3D 
glasses) will have a significant impact on users’ bandwidth requirements. There are currently 
several approaches to capturing, compressing and displaying 3D content under development. 
These generally involve capturing two or more views of the same scene, then compressing these 
into a single channel containing a 2D image; a second channel contains the depth component of 
the image. The images will then be displayed on a 3D-specific screen that has lenses in front of 
each LED pixel to focus separate images towards viewers’ left and right eyes.  

However, this means the video is dependent on the position of the viewer – the video would need 
to be adjusted when the viewer moves around, otherwise the display would be unrealistic. This 
would require the transmission of a multitude of views, multiplying bandwidth requirements. 
Efficient networking techniques for multi-view video delivery is therefore an active research area. 
Techniques such as inter-view prediction have been well researched in order to handle 2D 
compressed video transport and can result in significant compression gain for multi-view video. 

As there are currently no guidelines or standards relating to 3DTV, it is difficult to predict exactly 
what bandwidth commercial services may require. However it seems reasonable to assume that, at 
the very least, a 3D display would require the transmission of one different image stream for each 
eye to give the perception of depth.  

We anticipate the natural evolution of 3DTV will be:  

• SD 3DTV 
• HD 3DTV 
• Ultra HD 3DTV 
 
According to our interviews, SD 3DTV may require up to 30Mbit/s, HD 3DTV 100Mbit/s and 
Ultra HD 3DTV 300Mbit/s per channel. Ultra HD 3DTV is not expected to be commercially 
available before 2025–2030.  
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Social networking and user-generated content  

As the use of social networking sites and the uploading of user-generated content is now 
commonplace, the requirements of users for upstream bandwidth is increasing. Websites such as 
Facebook and YouTube encourage the sharing of user-generated media, such as photographs and 
videos, via the Internet. For example, the number of upload to YouTube has drastically increased 
in the last two year as illustrated in Figure 8.2. 
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Figure 8.2: Hours of video uploaded to YouTube every minute [Source: Analysys Mason, 2010] 

In mid-2007, six hours of video were uploaded to YouTube every minute; this has grown 
substantially. In January of this year, it became 15 hours of video uploaded every minute, the 
equivalent of Hollywood releasing over 86 000 new full-length movies into theatres each week.53

As high-definition video becomes standard for user-generated videos, the bandwidth required to 
upload these videos will also dramatically increase. Whilst the upload of video is not time critical, 
unlike streaming, a shorter upload time means that the user can share media more rapidly. 

 

Although the total bandwidth required for these activities is unlikely to be as significant as that 
required for the continuous streaming of IPTV, it is likely that user-generated content will create 
an increase in demand for fibre access as ADSL will no longer offer sufficient bandwidth.  

                                                      
53  Ryan Junee, Product Manager, YouTube, 2009. 
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Other services 

Other services that people primarily use an Internet connection for today include: 

• web browsing 
• email 
• peer-to-peer file sharing 
• VoIP calls. 

As shown in Figure 8.3 below, the bandwidth required for these activities is limited and these 
activities can mostly be carried out using current generation ADSL connections. 
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Figure 8.3: Service evolution in relation to bandwidth provided [Source: Ofcom]  

Many applications currently in development are based on current video and data-transfer 
technology. Examples include: 

• video conferencing 
• video monitoring 
• telehealth54

• data back-up. 
 

                                                      
54  An heath service application that allows a continuous, very low-bandwidth connection to a premises for emergency monitoring along 

with video-call facilities. 
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There is no doubt that each of the above services will evolve to take advantage of greater 
bandwidth, in exactly the same way as video services. 

For applications requiring a video stream, the bandwidth requirement will mostly be dependent on 
the video resolution required. For example, video conferencing at webcam quality (352×288 
pixels) would require only around 130kbit/s of symmetrical bandwidth, whereas at VGA quality 
(640×480 pixels) it would require 750kbit/s of symmetrical bandwidth. However, unless an HDTV 
stream was required, video conferencing and video monitoring can be carried out over an ADSL 
connection. Telehealth bandwidth requirements would be similar to those for video conferencing. 

The bandwidth requirements for data back-up are clearly highly dependent on the volume of data 
involved and the frequency at which it would need to be transferred. For the average user this is 
unlikely to exceed the capabilities of an ADSL connection. For example to back-up 15Mb over a 
one-hour period each day would only require a 0.03Mbit/s upstream connection. 

The list of applications mentioned above is not exhaustive, as the bandwidth offered by FTTH 
networks (explored in the next section) will support the innovation of new applications which, at 
the time of writing, cannot be foreseen.  

8.3 Capacity considerations 

8.3.1 Downstream bandwidth  

Based on the potential evolution of networks presented in Section 7, it is possible to estimate the 
downstream capacity that will be offered by different FTTH systems in 2015, 2025 and 2035. In 
Figure 8.4 we estimate this for each of the three network architectures. 
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Figure 8.4: Offered downstream bandwidth per user in FTTH networks [Source: Analysys Mason, 

2010] 

From this it is apparent that to 2025, GPON (TDM PON) scales moderately well, but is worse than 
PTP, which experiences an order of magnitude increase every 10 years. It should be noted that 
WDM PON scales better than GPON to 2035, but, with the expected convergence of TDM PON 
and WDM PON, we expect the same level of throughput for both PON based technologies by 
2035. For GPON, although the total shared bandwidth increases over time, the expected number of 
users sharing that bandwidth will also increase in order to enable the operator to consolidate their 
OLT sites (explained in Section 5.4.2). However, it could be argued that the illustrated download 
bandwidth for GPON for 2015 and 2025 is a conservative estimate, as we have presented the 
guaranteed bandwidth per user (and not the maximum). Today’s GPON technology allows a 
dynamic allocation of bandwidth between active users. If only a few subscribers use the network 
concurrently, the bandwidth for each will be greater than the guaranteed bandwidth.  

It is worth noting that, if the offered capacity by FTTH systems is larger than the expected 
demand, it would remove the need for quality of service (QoS) management between applications, 
removing a layer of complexity in the access network. 

8.3.2 Scenarios for downstream bandwidth  

Based on applications and technologies currently being developed, it is possible that IPTV will be 
the most bandwidth-hungry service commercially available in the next 20 years. Assuming that an 
end user requires up to three separate IPTV channels simultaneously (based on practical 
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requirements of a typical household e.g. watching two separate channels in different rooms and 
saving a third to a PVR), we have considered the video technologies that may be available in 2015, 
2025 and 2035 and the bandwidth these might require. The bandwidth requirements for each of 
these video types is presented in Figure 8.5. 

Timescale TV service type Downstream bandwidth requirements  

2015 3DTV 30Mbit/s (x3) 

2025 High-definition 3DTV 100Mbit/s (x3) 

2035 Ultra high-definition 3DTV 300Mbit/s (x3)55 

Figure 8.5: Downstream demand scenario assumptions [Source: Analysys Mason, 2010] 

We considered three demand scenarios for the downstream: 

• In 2015, we assume that the most bandwidth-intensive video application is 3DTV, requiring a 
maximum of 30Mbit/s per channel. Therefore, in a three-channel household, the total 
bandwidth required will be 90Mbit/s of downstream capacity per household.  

• In 2025, we assume that users will also require three TV channels per household but the 
channels are HD 3DTV, which according to our interviews may require 100Mbit/s per 
channel. This would mean total bandwidth required may be 300Mbit/s. 

• For 2035, we retain the assumption of three channels per household, but each TV channel is 
ultra high-definition 3DTV, each channel possibly requiring 300Mbit/s, according to our 
interviews. Therefore, in 2035, where three channels are used simultaneously, downstream 
bandwidth of 900Mbit/s may be needed.  

Based on the estimated total bandwidth for the three FTTH architectures (summarised in Figure 
8.4) and the TV traffic assumptions made above, it is possible to predict the remaining amount of 
bandwidth that an FTTH user will have for non-linear TV/video applications. The results for 2015, 
2025 and 2035 are illustrated in Figure 8.6, Figure 8.7, and Figure 8.8 respectively.  

 

                                                      
55  The significant increase in bandwidth between HD 3DTV and ultra HDTV is because in ultra HDTV, many different channels will 

need to be superimposed to allow the user to watch 3DTV from many different angles. 
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Figure 8.6: Downstream capacity of FTTH networks in 2015 [Source: Analysys Mason, 2010] 
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Figure 8.7: Downstream capacity of FTTH networks in 2025 [Source: Analysys Mason, 2010] 
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Figure 8.8: Downstream capacity of FTTH networks in 2035 [Source: Analysys Mason, 2010]  

In 2015 (Figure 8.6) the bandwidth consumed by three TV channels would leave 66Mbit/s for 
other applications for a GPON user and 910Mbit/s for PTP and WDM PON users. This would be 
more than sufficient capacity to support other Internet applications based those applications we can 
currently anticipate, such as VoIP and file-sharing.  

In 2025(Figure 8.7) the bandwidth consumed by three TV channels would leave around 480Mbit/s 
for other applications for a GPON user and 9.7Gbit/s for PTP and WDM PON users. Even with 
dramatic changes to the consumption of applications, this is likely to be more than sufficient to 
support other Internet-based applications currently under development. 

In 2035 (Figure 8.8) the bandwidth consumed by three TV channels would leave around 9.1Gbit/s 
for other applications for a GPON/WDM PON user and 99.1Gbit/s for PTP users. There are no 
applications currently known that are likely to evolve to need this amount of bandwidth. 
 
It therefore seems unlikely that FTTH access network downstream capacity will be a constraint 
based on the applications we can foresee.  

8.3.3 Upstream bandwidth  

Based on the potential evolution of networks presented in Section 7, it is also possible to estimate 
the upstream capacity that will be offered in 2015, 2025 and 2035. In Figure 8.9 we estimate this 
for each of the three network architectures. 
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Figure 8.9: Offered upstream bandwidth per user in FTTH networks [Source: Analysys Mason, 2010] 

Similar trends can be observed for upstream bandwidth as for the downstream. This is because in 
all cases symmetrical bandwidth is offered, except for GPON in 2015, where upstream capacity is 
half the downstream.  

8.3.4 Scenarios for upstream bandwidth  

Based on applications and technologies currently under development we have compared the total 
upstream capacity that will be available using the various FTTH technologies against the upload 
bandwidth that may be required for uploading video and other files. Figure 8.10 summarises our 
assumptions for the upstream traffic. 

 Upload type Upstream bandwidth requirements 

2015 • Upload 3D video 

• Upload large file (100MB in 20 seconds) 

• 30Mbit/s 

• 40Mbit/s 

2025 • Upload HD 3D video  

• Upload large file (300MB in 20 seconds) 

• 100Mbit/s 

• 120Mbit/s 

2035 • Upload ultra-HD 3D video  

• Upload large file (1GB in 20 seconds) 

• 300Mbit/s 

• 400Mbit/s 

Figure 8.10: Upstream demand scenario assumptions [Source: Analysys Mason, 2010] 
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Please note that our upstream demand scenarios are somewhat optimistic, as there is no 
requirement for the video to be uploaded in real time but our scenario assumes a speed sufficient 
for peer-to-peer streaming.  

We considered three demand scenarios for upstream: 

• In 2015 we assume that users will upload 3D video, while simultaneously uploading a large 
file (or batch of files), requiring a total of 70Mbit/s.  

• In 2025, we assume that the same user will upload HD 3D video in real time onto a user 
generated content site, while at the same time, will upload a large batch of photographs onto a 
storage site. The combined upload bandwidth for these operations is assumed to be 220Mbit/s. 

• In 2035 the user will upload an ultra-HD 3D video while, at the same time, uploading high-
quality photos onto the same storage site as he used 10 years earlier. We have assumed in our 
simple upstream traffic model that the user will need a combined 700Mbit/s to carry out these 
operations simultaneously. 

For 2015, we expect GPON to offer asymmetrical bandwidth, with the upstream offering a quarter 
of the bandwidth of the downstream (10Gbit/s downstream and 2.5Gbit/s upstream). Assuming a 
very optimistic scenario of needing 70Mbit/s upstream bandwidth, we estimate that GPON would 
still be able to offer an additional 10Mbit/s. As WDM PON and PTP will offer symmetrical 
bandwidth, and as the upstream demand defined in Figure 8.10 is much less challenging that the 
demand defined for the downstream, it seems unlikely that FTTH access network upstream 
capacity will be a constraint based on the applications we can foresee. This is illustrated in Figure 
8.10. 
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Figure 8.11: Estimated upstream demand versus capacity offered in 2015 [Source: Analysys Mason, 

2010]  
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For 2025 and 2035, the offered bandwidth of all FTTH architectures (including GPON) may be 
symmetrical, and that the upstream demand defined in Figure 8.10 is much less challenging that 
the demand defined for the downstream in the same timescales, it seems unlikely that FTTH 
access network upstream capacity will be a constraint based on the applications we can foresee.  

8.4 Cost considerations 

8.4.1 Comparison of TDM PON, PTP and WDM PON  

The objective of this section is to provide an indication of the difference in current deployment 
costs for the three FTTH technologies. It is not intended to provide a detailed cost model for each 
FTTH technology – this can be found in many other sources including the Broadband Stakeholder 
Group (BSG) report on the cost of deploying fibre-based next generation broadband 
infrastructure.56

During our interviews with stakeholders, we were able to gather cost benchmarks for the TDM 
PON, WDM PON and PTP. Two cost categories were considered: 

 

• active equipment costs 
• passive infrastructure costs. 
 
Active equipment costs comprise OLT cost per user (equipment at the exchange) and the cost of 
the ONT (equipment located at the customer premises). 

Passive infrastructure costs include the civil work, the ducts and fibres required up to the user 
premise and the internal wiring inside buildings. This category also includes the cost of the passive 
splitter in case of the GPON and the cost of the arrayed waveguide grating (AWG) required for the 
multiplexing/demultiplexing of wavelengths for WDM PON.  

Below we present our evaluation of the cost of the different FTTH technologies, assuming 100% 
coverage with a take-up of 30% of households. The results illustrated in Figure 8.12 show the total 
deployment cost per home connected in urban areas.  

                                                      
56  “The cost of deploying fibre-based next generation broadband infrastructure”, Analysys Mason for the BSG, September 2008. 

http://www.broadbanduk.org/component/option,com_docman/task,doc_view/gid,1036/Itemid,63/�
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Active equipment cost (GBP) TDM PON (GPON) WDM PON PTP 

Active equipment (per user) 120 650 140 

OLT (per user) 40 350 80 

ONT (per user) 80 300 60 

Passive infrastructure  
(per home connected) 

2275 2364 2708 

Total (per home connected) 2395 3014 2848 

Figure 8.12: Comparison of deployment costs for different FTTH technologies in 2009 [Source: 

Analysys Mason, 2010] 

From this comparison note the cost of TDM PON (GPON) is 26% lower than the cost of 
WDM PON and 19% lower that the cost of PTP. It should also be noted that the discrepancy 
observed between GPON and PTP is consistent with the cost analysis provided in the BSG report57

A significant difference (19%) can be observed between the cost of passive infrastructure between 
TDM PON and PTP. This is because a PTP network requires much more fibre, and therefore more 
extensive civil works to accommodate that fibre. It should be noted that TDM PON and WDM 
PON use exactly the same fibre infrastructure, which is why the costs are similar.

 
which indicates an 18% incremental cost for PTP compared to GPON networks.  

58

The cost of active equipment for WDM PON is significantly higher (around five times) than for 
GPON or PTP. This is because WDM PON uses DWDM transmitters (for LG-Nortel WDM PON 
equipment), at both the OLT site and the customer premises, which are significantly more 
expensive than transmitters used in PTP architectures for example.  

  

Despite the greater bandwidth scalability of WDM PON, the extra cost cannot be justified in a 
residential market, where demand can be met by TDM PON or PTP technologies. This is why 
WDM PON is currently exclusively targeted at businesses. 

8.4.2 Expected evolution of costs 

The economic model of doubling the bandwidth while reducing unit costs by 10–15% for active 
equipment is no longer viable for 40Gbit/s technology and beyond.59

                                                      
57  Id. footnote 50. 

 For example, equipment 
suppliers are currently unable to produce a 40Gbit/s interface at two and a half times the cost of 
10Gbit/s interfaces, which would be a price suitable for the mass market enabling the adoption of 
40Gbit/s technology in long-haul networks. Reducing the cost is challenging because of the 

58  The small difference in passive costs between TDM PON and WDM PON is due to WDM PON requiring a passive AWG instead of a 
splitter. 

59  “Photonic integration and the future of optical networking”, Heavy ready, March 2008. 
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number of components required for the complex modulation of a 40Gbit/s transmitter in order to 
reduce the baud rate, and therefore mitigate the negative effects of polarisation mode dispersion 
(PMD). As explained in Section 4.5.3, a 10Gbit/s transmitter requires around 5 components 
whereas a 40Gbit/s transmitter requires around 30 components, mainly due to the complex 
modulation schemes. Instead of migrating to 40Gbit/s technologies, operators have kept adding 
extra 10Gbit/s interfaces to their fibre network.  

In access networks, due to the shorter distances, there is less need to decrease the baud rate to 
combat PMD, and therefore less of a requirement to use complex modulation scheme. This should 
help equipment vendors and component manufacturers to achieve a mass market price for the 
access network, and therefore make the 10Gbit/s to 40Gbit/s transition more attractive to operators 
and end users when demand justifies the investment (around 2025 for TDM PON).  

In addition, the more widespread use of electronic processing techniques such as electronic 
dispersion compensation (EDC) and forward error correction (FEC) (see Section 7.3.4) will help to 
reduce the costs of transmitters, as these techniques provide significant quality improvement at a 
very low cost. FEC can increase the transmission distance by 30–50km60, by correcting error bits 
at the receiver. This is quite significant, especially in the access network, where maximum 
transmission distances maybe less than 100km by 2025. Infinera believes61

The impact of photonic integrated circuits (PICs) on cost 

 that the cost of 
implementing FEC in a transmitter tens or hundred of US dollars per chip; the cost to implement 
EDC would be tens of dollars.  

Photonic integration is the optical industry’s best hope for scaling to meet future bandwidth 
requirements while reducing cost per bit.62

According to indications from stakeholders, it is possible that PIC technology will see a doubling 
of density

 According to our interviews, 10Gbit/s transmitters 
implemented on a PIC for long-haul applications are today 50% to 60% less expensive than 
their discrete component equivalent. This clearly shows the savings to be gained from using PIC 
technology.  

63

                                                      
60  Assuming FEC provides a gain of between 8dB and 12dB. 

 every three years, while maintaining a similar cost. This is equivalent to halving the 
cost per bit/s every three years. The are several factors affecting the cost of PICs, R&D being the 
is the most significant followed by the implementation of the manufacturing. However, once 
manufacturing processes are in place, the actual cost of producing PICs is relatively low according 
to our stakeholders, and most importantly, the incremental cost of adding extra components to a 

61  “Photonic Integrated Circuits, A Technology and Application Primer”, Infinera, 2005. 

62  Photonic integration and the future of optical networking, Heavy ready, March 2008. 

63  Certain photonic components (e.g. lasers) cannot be reduced in size because their physical size determines the operating 
wavelength. 
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single PIC is negligible. Therefore, PIC technology provides a much more scalable platform in 
terms of cost compared to discrete components, especially as the interface bit rate increases and 
associated number of components increases exponentially in order to implement ever more 
complex modulation schemes.  

If we relate this doubling of density every three years to the our PON and PTP evolution 
predictions (Figure 7.1 and Figure 7.5) we expect 10G GPON (XG PON 2) to be deployed in 
2016–2017 and 40G PON to be deployed in 2022–2023. Assuming PIC for FTTH was available 
by 2015, then it would mean that the 40Gbit/s system could be deployed in 2022 at the same cost 
as the 10Gbit/s systems deployed six years earlier. This simple example shows that PICs will be 
fundamental in maintaining the cost structure that will make the FTTH technology attractive for 
the mass market. We believe 10Gbit/s PTP will be deployed in 2017 and 100Gbit/s PTP will be 
deployed around 2027. Again, this is consistent with the cost trend predicted, as in ten years’ time, 
the unit cost per bit/s will be divided by ten.64

Other cost considerations 

 A similar observation can be made for WDM PON. 

We mentioned in previous sections that cost-effective CDWM technology would be a key 
technology in the access network as WDM lasers with a broader spectrum are much less 
susceptible to changes in temperature. Already, we can see that 10Gbit/s GPON technology will be 
based on a CWDM transmitters (emitting a single wavelength with a 20nm spectrum) located at 
the CPE.  

According to our survey, the cost per wavelength for active coarse WDM (CWDM) equipment 
is 40–60% cheaper than for dense WDM (DWDM). However, as practical CWDM systems can 
only use 8 or 16 wavelengths, it is unlikely that they will be used in WDM PON, where a 
minimum of 32 wavelength is required.65

However, CWDM would be suitable for WDM PTP architecture (may be deployed around 2027) 
since we do not expect users to require more than 8 wavelengths each.  

 

8.5 Conclusions  

IPTV services and social networking and user generated content (UGC) services are increasing 
bandwidth demand and therefore driving the adoption of FTTH technologies. However, if FTTH 
technologies follow the evolutionary paths predicted, we believe that both upstream and 
downstream demand will be met comfortably by FTTH systems. 

                                                      
64  Assuming a doubling in density every 3 years at a stable cost. 

65  Current LG-Nortel PON equipment is based on cost-effective DWDM lasers. 
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We have also shown that the cost of TDM PON (GPON) is 26% lower than the cost of WDM 
PON and 19% lower that the cost of PTP, which partly explains the popularity of PON 
architectures with large operators. Looking at future cost trends, we have shown that the adoption 
of PICs could bring a 50–60% saving in the cost of optical components if the industry decides to 
invest in the necessary R&D to develop the technology. This would be followed by a halving of 
costs every three years due to process improvement. The use of CWDM technology and 
components would further help equipment vendors to cut the cost of optical equipment by up to 
50% compared with DWDM equipment.  
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9 Concluding observations 

From our analysis of fibre technologies and based on those services we can foresee, we believe 
that capacity is not currently a major limiting factor in access networks for most applications and 
deployments, and will not be in the short to medium term. We have actually demonstrated how, 
even if the demand is twice as much as we expect, there is likely to be plenty of bandwidth 
available. We also believe that the increasing market for equipment (i.e. greater volume) and the 
implementation of photonic integrated circuit (PIC) technology should allow the necessary 
reduction in cost per unit to sustain successive generations of FTTH technologies. 

As new services become available and therefore demand for bandwidth increases, FTTH operators 
will need to upgrade from one FTTH generation to the next. Section 5.7 identified that PTP 
networks would be easier to upgrade than PON, because in a PTP network there is no passive (or 
active) equipment in the field and users can be upgraded individually. However, for PON 
networks, operational issues for operators regarding upgrades could prove the most significant 
bottleneck, which could, in the worst case, prevent them from upgrading at all.  

9.1 Openreach’s NGA network  

Openreach announced that its NGA deployment should cover up to 10 million household by 2012, 
with most of the properties connected via FTTC technology, and a minority using FTTH. 
According to our interviews, the proportion of FTTH connections will be around 10–12%.66

As noted in Section 6.1, Openreach initially considered both PTP and GPON technologies to 
implement its FTTH strategy. After a thorough examination, Openreach concluded that, in terms 
of both capex and opex, GPON had significant advantages over PTP, which is supported by our 
cost analysis in Section 8.4. 

  

In order to gain operational insight into FTTH networks, Openreach is currently operating a GPON 
FTTH pilot at Ebbsfleet, with plans to connect a total of 10 000 homes. While deployment costs 
and processes to offer FTTH services are now increasingly understood by Openreach, the 
operational requirements to successfully transition from one generation of PON to the next are 
more difficult to anticipate and predict.  

As described in Section 5.7, we believe the transition from 2.5Gbit/s PON to 10Gbit/s PON will be 
relatively straightforward as the standards are likely to specify a different set of wavelengths to 
support both networks concurrently. This will allow Openreach to support both 2.5Gbit/s users and 

                                                      
66  Latest figures indicate a 75%-25% split between FTTC and FTTH (see http://www.thinkbroadband.com/news/4068-openreach-fibre-

to-the-home-coverage-to-double.html).  

http://www.thinkbroadband.com/news/4068-openreach-fibre-to-the-home-coverage-to-double.html�
http://www.thinkbroadband.com/news/4068-openreach-fibre-to-the-home-coverage-to-double.html�
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10Gbit/s users on the same underlying PON infrastructure. The only changes required in the 
network will be the ONT for existing 2.5Gbit/s customers wanting to upgrade to 10Gbit/s.  

However, looking further ahead (to 2020), there is a possibility that Openreach will need to 
upgrade its 10Gbit/s PON to a WDM PON architecture, to offer dedicated 1Gbit/s/10Gbit/s to 
individual users. Although it is too early to know how WDM PON will be standardised by the 
FSAN Group, the upgrade from TDM PON to WDM PON will present a number of operational 
challenges. One way to mitigate the operational impact of such transition is for Openreach to 
ensure that flexibility points built for current GPON deployments today can accommodate extra 
passive equipment if required. However, the amount of extra space required is still unclear and 
will be fully determined by the WDM PON standards.  

9.2 Other considerations 

A number of regulators are investigating the unbundling options of FTTH networks to increase 
NGA competition. As a number of studies67

While it is not within the scope of this report to describe in detail the unbundling architecture, it is 
reasonable to assume that the flexibility point site should be large enough to accommodate several 
operators’ splitters as it would be extremely difficult to enlarge an existing flexibility point.  

 shows, unbundling has a significant impact on the 
infrastructure provider, especially for GPON networks. For example, one way to unbundle a 
GPON network is to collocate splitters from different operators at a flexibility point and 
interconnect the last fibre drop to the wanted operator’s splitter.  

 

 

 

                                                      
67  See: GPON Competition Models, Analysys Mason, 2009. 
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Annex A: List of acronyms  

 

2D Two dimensional 
3D Three dimensional 
ADSL Asymmetric digital subscriber line 
ALA Active line access 
APD Avalanche photo diode 
APON ATM Passive Optical Network 
AWG Array waveguide grating 
BER Bit error rate 
BPON Broadband passive optical network 
C Band Conventional band 
CATV Cable television 
CPE Customer premises equipment 
CWDM Coarse wavelength division 

multiplexing 
C×D  Capacity–distance product  
DFB Distributed feedback (laser) 
DOCSIS Data-Over-Cable Service Interface 

Specification 
DoS Denial of service (attack) 
DSF Dispersion-shifted fibre 
DSL Digital subscriber line 
DVB-C Digital video broadcasting – cable 
DWDM Dense wavelength division 

multiplexing 
E Band Extended band  
EDC Electronic dispersion compensation 
EDFA Erbium-doped fibre amplifier 
EFMA EFM Alliance 
EPON Ethernet passive optical network 
ETSI European Telecommunications 

Standards Institute 
FEC Forward error correction  
FSAN Full Service Access Network 
FTTB Fibre-to-the-building 
FTTC Fibre-to-the-cabinet 
FTTH Fibre-to-the-home 
GaAs Gallium arsenide 
GPON Gigabit passive optical network 
HD High definition 
HDTV High-definition television 
HFC Hybrid fibre-coax 
IEEE  Institute of Electrical and Electronic 

Engineers  
InGaAs Indium gallium arsenide 
InGaAsP Indium gallium arsenide phosphide 
IP Internet Protocol 

IPTV Internet Protocol television 
ISD Information spectral density 
ITU International Telecommunications 

Union 
L Band Long-wavelength band 
LED Light emitting diode 
MDU Multi-dwelling unit 
N-DSF Non-dispersion-shifted fibre 
NG PON Next generation passive optical 

network 
NGA Next generation access 
NRZ Non return to zero 
NZ-DSF Non-zero dispersion-shifted fibre 
O Band Original band 
OEO Optical to electronic to optical 

(conversion)  
OLT Optical line terminal 
ONT Optical network terminal 
ONU Optical network unit 
OSNR Optical signal-to-noise ratio 
OTN Optical transport network 
PIC Photonic integrated circuit  
PIN P-type I-type N-type (photodiode) 
PMD Polarisation mode dispersion 
PON Passive optical network 
POP Point of presence 
PTP Point to point 
QPSK Quadrature phase shift keying 
R&D Research and development 
RZ Return to zero 
S Band Short-wavelength band 
SD Standard definition 
SFP Small form-factor pluggable 
SOA Semiconductor optical amplifier 
TDM Time division multiplexing 
TIR Total internal reflection 
U Band Ultra-long wavelength band 
VCSE Vertical cavity surface-emitting 
VDSL Very-high-bitrate digital subscriber 

line 
VoD Video on demand 
VoIP Voice over Internet Protocol 
VoNGA Voice over NGA 
VPN Virtual private network 
WDM Wavelength division multiplexing 
XG PON 10G PON
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Annex B: Glossary  

The definitions given here explain the principal meaning of the terms as used in this report. Where 
a word is defined in another entry, the word is given in italics. 

Term Abbrev. Unit Definition 

Access (network)   The portion of the network that connect subscribers 
to the local telephone exchange 

Asymmetrical digital 
subscriber line 

ADSL  Asymmetrical DSL technology used for transmitting 
data at a high speed over a copper line 

Asymmetrical (bandwidth)  bit/s Where speed (bit/s) is different for the upstream and 
downstream (typically lower for the upstream) 

ATM passive optical network APON  The first generation of PON systems and was 
mainly used for delivering bandwidth to businesses. 
APON is not in use anymore 

Attenuation     A loss in the signal strength as it propagates 
through a fibre 

Avalanche photo diode APD  APDs rely on the ‘avalanche’ effect of free electrons 
striking atoms in the material, releasing other free 
electrons from these atoms. The avalanche effect 
means that the received signal is naturally amplified 
within the device 

Baud rate   symbol/
s 

The rate at which pulses are transmitted through the 
fibre 

Bit error rate  BER  The proportion of incorrect bits (error bits) received, 
indicating the quality of the signal 

Broadband passive optical 
network 

BPON  BPON is an evolution of the APON, adding support 
for WDM, dynamic and higher upstream bandwidth 
allocation, and survivability. BPON is not in use 
anymore  

Capacity–distance product C×D bit/s.km An indicator of fibre capability defined by the 
product of the capacity carried by the transmission 
distance 

Chromatic dispersion   The effect caused by the refractive index of silica 
glass varying with wavelength. This variation results 
in a spreading of the pulse in the time domain at the 
receiver. Chromatic dispersion comprises both 
material and waveguide dispersion 

Cladding    The material covering the core of the fibre 

Coarse WDM CWDM  A system that typically supports fewer than 16 
multiplexed wavelengths per fibre 

Coding scheme   The type of coding applied to a signal, e.g. non-
return to zero pulse modulation 
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Coherent 
(transmission/detection) 

   A process whereby the signal is non-linearly mixed 
with a reference oscillator set at a similar (but 
separate) frequency to the signal of interest. The 
frequency difference that arises carries the target 
information i.e. amplitude, phase, and frequency 
modulation of the original (higher frequency) signal. 

Colourless wavelength locking 
laser 

  A laser that automatically assigns a wavelength to a 
user in a WDM PON network. This significantly 
reduces the provisioning time of subscribers 

Customer premises equipment CPE  Equipment that is located in the customer's building 
e.g. home or office 

Decibel  dB The standard logarithmic unit for the ratio of two 
quantities. In optical fibres, the ratio is power and 
represents loss (negative) or gain (positive). 

Denial of Service DoS  An attack by a malicious user preventing legitimate 
users from using a service 

Dense WDM DWDM  A system that typically supports more than 32 
multiplexed wavelengths per fibre and up to 320 
wavelengths per fibre in long-haul applications 

Digital subscriber line DSL  Generic name for the family of copper line 
technology providing broadband connectivity 
(variations known as xDSL and include VDSL, 
VDSL2 and ADSL) 

Dispersion    The effect of an optical pulse transmitted over the 
fibre medium spreading in time 

Dispersion-shifted fibre DSF  A fibre in which the dispersion minimum is shifted to 
align with the attenuation minimum in the third 
telecom window. This is not used anymore 

Distributed feedback laser DFB laser  A laser with a wide spectral range (0.8μm to 2.8μm) 
making them suitable for all telecom windows  

Data over cable service 
interface specification 

DOCSIS  An international standard for data communications 
in cable networks 

Dopants    A small amount of substance added to a pure 
semiconductor to alter its conductive properties 

Double Rayleigh scattering   A non-linear effect caused by scattering within 
amplified systems; prevalent in Raman amplified 
systems because it is related to the fibre length and 
the gain 

Downstream   The relative position in a network: communication is 
coming towards the user from the sender 

Drop cable   A real cable that connects the premises to the 
network 

Duct   A conduit through which cable/wires can be passed, 
often a plastic pipe or tube 

Electronic dispersion 
compensation 

EDC  Where a signal is pre-conditioned with inverse 
dispersion characteristics in the electronic domain 
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EFM Alliance EFMA  Formed by vendors to promote Ethernet subscriber 
access technology and support the IEEE standard 
effort 

Erbium doped fibre 
amplification 

EDFA  A type of amplification using optical fibre doped with 
rare earth ions, EDFA allows a significant increase 
in the transmission distance between two terminals, 
increasing the capacity–distance product 

Ethernet   Standard Layer 2 protocol used in most data 
networks 

Ethernet passive optical 
network 

EPON  A PON variant developed by the IEEE, based on 
Ethernet technology. It is prominent in Asian 
markets 

ETSI footprint   The area occupied by one ETSI rack (600×600mm) 

ETSI rack   A physical frame on which communications 
equipment is installed 

Fabry Perot laser    The first generation of laser. Very cost effective, but 
has a wide spectral line width, which makes it 
unsuitable for long-distance transmission 

Feeder cable   Part of the GPON network that is located upstream 
from the splitter  

Fibre-to-the-building FTTB  A network in which fibre is connected all the way to 
the building. Copper is usually used inside the 
building to provide last hundred metres of 
connectivity 

Fibre-to-the-cabinet FTTC  A network in which the copper local loop is 
shortened by connecting all street cabinets to the 
local exchange using fibre. Copper is used to 
connect the end user to the cabinet 

Fibre-to-the-home FTTH  A network in which the end user is directly 
connected to fibre.  

Fixed wavelength lasers   Lasers that emit a pre-determined wavelength that 
cannot be changed or altered. Fixed wavelength 
lasers are the cheapest lasers 

Forward error correction  FEC  A digital processing technique whereby errors that 
occur in the transmission channel may be corrected 
at the receiving end of the system 

Frequency   Hz The number of times that a wave is produced within 
a particular time period 

FSAN Group   An interest group for the telecommunications 
service providers, independent test labs and 
equipment suppliers to collaborate on broadband 
fibre access networks. It is responsible for 
standardising GPON and WDM PON technology 

G.652   The ITU-T designation for an N-DSF fibre 

Gain  dB The increase in signal power 
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Gigabit passive optical 
network 

GPON  A PON variant prominent in Europe and the USA 

Hybrid fibre coax  HFC  A network using both fibre (for the backbone) and 
coaxial cable (for the access) 

Hydroxide anions OH-  Negatively charged ions present in water 

Information spectral density ISD bit/s/Hz The maximum number of bit/s per Hz that can be 
obtained in a transmission system; it is a function of 
the optical signal to noise ratio and is dictated by 
Shannon’s law 

Intermodal dispersion   A type of dispersion when several modes (or 
angles) of a signal are allowed to travel in a fibre. As 
each mode travels at a different speed within the 
fibre, the total signal (comprised of several modes) 
spreads 

Intermodulation   The mixing of WDM channels to create unwanted 
channels at a wavelength that interferes with the 
existing signal 

ITU   International Telecommunications Union 

ITU-T   Telecommunication Standardization Sector of the 
ITU 

Laser    An optical device that produces a monochromatic 
beam of light 

Last drop   The last section of the network before connecting to 
the user 

Light emitting diode LED  A semiconductor light source 

Line width (re lasers)  nm The amount of spectrum occupied. The narrower 
the line width, the more expensive the laser 

Link budget   dB The accounting of all of the gains and losses from 
the transmitter, through the medium (optical 
waveguide in this report) to the receiver in a 
telecommunications system 

Long-haul    Refers to long-distance transmission links between 
regions or countries 

Loss   A drop in signal power; synonymous with 
attenuation 

Macro bending    Excessive bending of a fibre cable  

Metro Ethernet Forum   Absorbed the EFMA 

Micro-bending    Local imperfections of the fibre  

Micro-cable   Fibre installed in micro-ducts  
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Micro-duct   Small tubes in the ducts/sub-ducts that accept 
individual fibres 

Microsecond   μs One millionth of a second (10-6)  

Modulation    Modifying the characteristics of carrier wave being 
transmitted (e.g. amplitude or frequency) to transmit 
a baseband (original) signal 

Monolithic integration   Where the components are made from the same 
bulk material (relevant to PIC technology) 

Multiplexing     Transmitting two or more signals using the same 
channel. Types of multiplexing are WDM and TDM. 

Nanosecond  ns One billionth of a second (10-9)  

Next generation access 
(network) 

NGA  For fixed networks, an access network 
characterised by an attempt to shorten or remove 
the copper local loop, which represents a major 
technical bottleneck to providing greater bandwidth 

Noise     Unwanted signal interference that can come from a 
variety of sources; in optical systems, principally 
occurring in the receiver and in optical amplifiers 

Non-coherent 
(transmission/detection) 

  A process involving an incoming signal of interest 
being mixed with a local oscillator signal, which is 
frequency-synchronised to the carrier of the 
incoming signal. The target signal is then obtained 
using low-pass filtering. 

Non-dispersion-shifted fibre N-DSF  Fibre standardised as ITU G.652. The most widely 
deployed fibre and also the cheapest. The minimum 
dispersion lies within the second telecom window, 
separate from the attenuation minimum in the third 
telecom window 

Non-linear effects     Typically generating unwanted signals to high power 
level 

Optical budget  dB See link budget 

Optical line terminal  OLT  Optical line termination located in the local 
exchange. Can be used in both PON or PTP 
contexts.  

Optical network terminal ONT  Also known as an optical network unit (ONU), an 
optical terminating device located at the subscriber’s 
premises 

Optical signal to noise ratio OSNR DB The ratio of optical signal power to noise power at a 
particular point in a system 

Passive    Unpowered 
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Passive optical network PON  A passive network using optical fibre to connect an 
end user to the service provider’s point of presence. 
In PON, unpowered optical splitters (or WDM 
demultiplexer in the case of WDM PON) are used to 
enable a single optical fibre serve a number of 
subscribers (typically 32 or 64 today) 

Photodetectors   Photodetectors detect light and are usually based 
on semiconductor photodiode devices 

Photodiode   A semiconductor that converts light to an electrical 
signal 

Photonic integrated circuit PIC  A technology that combines optical components into 
a single chip 

Picosecond  ps One trillionth of a second (10-12) 

Plug-and-play   A device or technology that is ready to use, the end 
user does not have to configure the equipment 

Point-to-point (topology) PTP  In the context of FTTH, a dedicated fibre with 
dedicated capacity deployed from the local 
exchange to the premises for each individual user, 
based on existing Ethernet technology 

Polarisation mode dispersion PMD  A type of dispersion caused by the X and Y 
components of light travelling at slightly different 
speeds through the fibre due to imperfection in the 
fibre symmetry 

Port   A physical interface between device and circuit 

Positive-intrinsic-negative 
(photodiode) 

PIN   A diode with a wide, lightly doped 'near' intrinsic 
semiconductor region between p-type (positive) and 
n-type (negative) regions 

Propagation   The travelling of a wave along a fibre 

Raman amplifier   An amplifier which exploits Raman scattering to 
offer a gain 

Rare earth doped fibre 
amplifiers 

  An optical fibre with a layer of rare earth ions, which 
creates a medium that amplifies an incoming optical 
signal 

Rayleigh scattering   The effect of light scattering from unwanted spheres 
in the material that are smaller than the optical 
wavelength 

Reach   Maximum transmission distance 

Receive sensitivity   The power threshold below which a signal cannot 
be detected 

Refractive index n  A value that dictates the velocity of light in the 
propagation medium, determined by the formula:  
n = c/v 
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Self-provisioning   Refers to an FTTH subscriber being able to 
use/start the device/service without technical 
assistance 

Semiconductor laser   A laser that has a semiconductor as the active 
medium  

Semiconductor optical 
amplifier 

SOA  An amplifiers that uses a semiconductor to provide 
optical signal gain 

Small form-factor pluggable SFP  A device containing both a transmitter and a 
receiver, pluggable into a larger device 

Split ratio   In the context of PON networks, refers to the 
maximum number of subscribers that can be 
connected to a PON 

Splitter    An 1:N splitter is a device used to split the optical 
signal N ways 

Stimulated Brillouin scattering   If the signal(s) is launched into the fibre with high 
power (above 10mW) and with a narrow line width, 
stimulated Brillouin scattering causes light to be 
reflected back down the fibre and to interfere with 
long sequences of transmitted pulses 

Stimulated Raman scattering   A scattering phenomenon. Note that compared with 
stimulated Brillouin scattering, stimulated Raman 
scattering requires much more power to become a 
problem  

Sub-duct   A small duct within a larger duct 

Symmetrical (bandwidth)   Where speed (bit/s) is the same in both upstream 
and downstream directions 

Technology barriers    Effects that limit the capacity of a network. These 
occur because of certain principles of optical signal 
transmission 

Technology enablers    Technology enablers include multiplexing 
technologies; coding, modulation and detection 
technologies; and optical transmitter and receiver 
technologies 

Telecom window   A wavelength region corresponding to one of three 
generations of laser and fibre technologies 

Thermal drift   A change in temperature which means a change in 
output wavelength 

Thermal noise   Noise introduced in devices due to the heat 

Time division multiplexed 
passive optical network 

TDM PON  A generic term to describe the of family PON based 
on time division multiplexing to provide shared 
capacity between subscribers. This includes both 
EPON and GPON. 

Time division multiplexing TDM  A multiplexing technique involving interleaving 
signals in the time domain by transmitting pieces of 
each signal in turn 
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Total internal reflection TIR  In order for the light to internally reflect from the 
cladding, the total internal reflection condition, must 
be met. This is defined by the maximum angle, also 
known as critical angle, that the light can be 
launched into a fibre for transmission to occur 

Transceivers   A device that can both transmit and receive 

Transmission/line rate   bit/s Speed of transmitting data 

Transponder   A four-port device (one Rx and one Tx for both the 
line side and the client side) used to adapt an 
optical signal of unspecified wavelength to a specific 
wavelength, i.e. transponders perform an OEO 
conversion 

Tuneable lasers   Lasers that can be adjusted to emit a certain 
wavelength 

Upstream   The relative position in a network: communication is 
going away from the user 

Vertical cavity surface-emitting 
(laser) 

VCSE   A semiconductor laser with an emission direction 
perpendicular to the surface of the chip  

Very high bitrate digital 
subscriber line 

VDSL  An upgrade of ADSL 

Video on demand VoD  The selection and consumption of video content 
whenever a user wants 

Voice over Internet protocol VoIP  The delivery of voice services using Internet 
protocol 

Voice over next generation 
access 

VoNGA  The delivery of voice services over NGA 

Wavelength λ   nm The distance between two successive crests of a 
waveform (wavelength × frequency = speed of light) 

Wavelength division 
multiplexed passive optical 
network 

WDM PON  Uses the frequency domain to provide dedicated 
capacity to each subscriber by allocating a separate 
wavelength to each individual user 

Wavelength division 
multiplexing 

WDM  A multiplexing technique involving transmitting each 
signal using different wavelengths 

Wideband receivers   A receiver that can detect a wide range of 
wavelengths. Most optical receivers are wideband 

XNOR gate   Logic device performing an eXclusive NOR function 

Zero dispersion wavelength   The wavelength at which material dispersion and 
waveguide dispersion cancel one another, and 
therefore the wavelength that does not incur any 
chromatic dispersion 
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