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Preface

Fiber-wireless (FiWi) access networks may be viewed as the endgame of broadband
access. FiWi access networks aim at leveraging on the respective strengths of emerg-
ing next-generation optical fiber and wireless access technologies and smartly merging
them into future-proof broadband solutions. Currently, many research efforts in indus-
try, academia, and various standardization bodies focus on the design and development
of next-generation broadband access networks, ranging from short-term evolutionary
next-generation passive optical networks with coexistence requirements with installed
fiber infrastructures, so-called NG-PON1, to mid-term revolutionary disruptive opti-
cal access network architectures without any coexistence requirements, also known as
NG-PON2, all the way to 4G mobile WiMAX and cellular long term evolution (LTE)
radio access networks. To deliver peak data rates of up to 200 Mb/s per user and realize
what some people refer to as the vision of complete fixed-mobile convergence (Ali et al.
[2010]) it is crucial to replace today’s legacy circuit-switched wireline and microwave
backhaul technologies with integrated FiWi broadband access networks. To unleash the
full potential of FiWi access networks, emerging optical and wireless access network
technologies have to be truly integrated at the physical, data link, network, and/or ser-
vice layers instead of simply mixing and matching them. An interesting example of
integrated FiWi access networks is the use of orthogonal frequency division multiplex-
ing (OFDM), which has been successfully deployed in wireless networks but is only
recently making its way into PONs, not only to provide a number of desirable char-
acteristics, e.g., increased aggregate bandwidth, scalability, longer reach, lower equip-
ment cost/complexity, and lower power consumption, but also to enable the convergence
of a wide range of diverse broadband access technologies, including GPON, EPON,
WiMAX, LTE, HFC, and xDSL (Kanonakis et al. [2010], Milosavljevic et al. [2010]).

This book comprehensively describes the state of the art and latest developments of
FiWi access networks from a multitude of perspectives. It starts out with introducing
the new definition of the term broadband as outlined by the FCC in its latest broad-
band deployment report released on July 20, 2010, and then elaborates on the eco-
nomic impact of broadband access on individuals and enterprises and society at large.
Next, we highlight the major findings of OECD’s latest report on broadband coverage,
taking into account the most important wireline and wireless broadband technologies
such as xDSL, cable modem, fiber-to-the-home/building (FTTH/B), broadband over
power line (BPL), satellite, etc. After describing current broadband deployments across
OECD countries, we summarize recent trends and discuss which broadband access



xx Preface

technologies will play an increasingly important role over the next couple of decades
and which won’t. The second part of the introduction reviews the most important fixed
wireline as well as fixed and mobile wireless legacy broadband technologies, including
free space optics and UMTS among others, and discusses their pros and cons.

The second and third parts of the book are intended to set the stage and explain
the technical details of state-of-the-art fiber and wireless access networks, respectively.
More precisely, Part II describes at length both GPON and EPON and introduces the
most promising NG-PON1 and NG-PON2 candidates such as XG-PON, long-reach and
wavelength division multiplexing (WDM) PON, optical code division multiple access
(OCDMA) PON, and OFDMA PON. Part III provides the reader with in-depth informa-
tion about the latest developments of WiFi, WiMAX, LTE, and wireless mesh networks.

The fourth and final part of the book is dedicated to FiWi access networks. In Part
IV, we first elaborate on the difference between conventional radio-over-fiber (RoF) and
so-called radio-and-fiber (R&F) networks and their underlying enabling technologies.
To learn about their technological maturity and better understand their respective short-
comings, we report on state-of-the-art RoF and R&F testbeds and identify remaining
challenges and open issues. We survey previously proposed FiWi access network archi-
tectures, ranging from moving cellular network to SuperMAN architectures, and then
delve into the technical details of FiWi access networks. We investigate various network
planning and reconfiguration techniques to optimize the placement of optical network
units (ONUs) and inter-ONU communications. Furthermore, we perform a comparative
techno-economic analysis of EPON and WiMAX, which are two key building blocks
of FiWi access networks, and investigate their performance for urban, suburban, and
rural areas. We look into how and to what extent network coding can be exploited to
enhance the performance of NG-PONs and FiWi access networks. Another interesting
aspect of bimodal FiWi access networks is their capability to reroute traffic through a
wireless mesh front-end in order to improve their survivability. Toward this end, we
study the merits and limitations of optical and wireless protection schemes by means of
probabilistic analysis for various failure scenarios. In next-generation wireless local area
networks (WLANs), frame aggregation is the major performance enhancing mechanism
at the medium access control (MAC) sublayer. To further improve the performance of
WLAN-based FiWi access networks, we examine novel hierarchical frame aggregation
techniques, which are particularly beneficial in carrying video traffic more efficiently.
We describe the state of the art of wireless and integrated routing algorithms that aim
at optimizing the performance of FiWi access networks in terms of delay, through-
put, packet loss, load balancing, and other important metrics such as path availability
and power consumption. In addition, we elaborate on various techniques to provide
service differentiation and end-to-end QoS continuity across the optical–wireless inter-
face of FiWi access networks. Finally, we would like to point the interested reader to
new exciting opportunities of adopting FiWi broadband access networks in other rele-
vant economic sectors such as energy and transportation in order to convert the tradi-
tional electric power grid, the largest man-made CO2 emission source, into the future
smart grid and thereby enhance the efficiency of energy use and achieve a dramatically
increased overall CO2 reduction across different sectors.
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1 Broadband access

Access networks connect business and residential subscribers to the central offices of
service providers, which in turn are connected to metropolitan area networks (MANs)
or wide area networks (WANs). Access networks are commonly referred to as the
last mile or the first mile, whereby the latter term emphasizes their importance to
subscribers. Future first-mile solutions have to not only meet the cost sensitivity con-
straints of access networks arising from the small number of cost-sharing subscribers
but also have to provide an ever increasing amount of capacity due to emerging
bandwidth-hungry multimedia applications such as video on demand (VoD), high-
definition television (HDTV), digital cinema, split-screen video, and 3D online games.
These new services and applications are expected to require data rates of up to 100
Mb/s per home, which cannot be provided by traditional narrowband access solutions,
e.g., dial-up connections. To meet the bandwidth requirements of emerging and future
video-dominated services and applications, legacy access networks have been replaced
with broadband access networks over the last few years.

1.1 Definition

The term broadband is commonly used to refer to high-speed Internet access with
data rates exceeding those of traditional dial-up Internet connections, which typically
offer data rates of only 64 kb/s or below. More specifically, the Federal Communica-
tions Commission (FCC) used to define broadband service as data transmission speeds
exceeding 200 kb/s in at least one direction, i.e., downstream (from the Internet to
the subscriber’s computer) or upstream (from the user’s computer to the Internet).
A connection offering at least 200 kb/s in both directions was deemed an advanced
service line by the FCC. In its latest broadband deployment report released on July
20, 2010, the FCC took the overdue step of raising the minimum speed threshold
for broadband in order to respond to evolved broadband technologies and consumer
applications and expectations. This change has become necessary due to the fact that
most websites feature rich graphics and many embed video. Accordingly, the FCC now
defines broadband service as downstream speeds of at least 4 Mb/s and upstream speeds
of at least 1 Mb/s. These updated minimum speeds are deemed necessary to stream
a high-quality video while leaving sufficient bandwidth for basic web browsing and
email (Federal Communications Commission [2010]).
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1.2 Economic impact

According to the FCC, broadband enables individuals and enterprises to access a
wide range of resources, services, and products related to education, culture, enter-
tainment, telemedicine, e-commerce, public safety, and homeland security. The impact
of broadband access networks on the economy was recently investigated in a detailed
study carried out by the Organisation for Economic Co-operation and Development
(OECD) (OECD [2007]). According to this study, broadband enables the emergence
of new business models, processes, inventions as well as improved goods and services.
Broadband increases competitiveness and flexibility in the economy by the increased
diffusion of information at lower cost and by improving market access to increasingly
larger markets, allowing people to work from multiple locations with flexible hours and
speeding up procedures and processes. In fact, broadband may be viewed as a so-called
general purpose technology (GPT) that has the potential to fundamentally change how
and where economic activity is organized.

As discussed in greater detail in (OECD [2007]), the impact of providing residential
and business subscribers with broadband access is manifold. Among others, broadband
in conjunction with other advanced information and communication technologies
(ICTs) facilitates the globalization of services, e.g., legal, accounting, advertising,
design, software programming, IT support, management consultancy, human resource
management, and labour recruitment services. The broadband and ICT enabled global-
ization of services has a fundamental impact on the way economies work as firms focus
on their core competitive advantage activities and outsource/offshore the rest. How-
ever, the overall effect of broadband on employment is ambiguous. While broadband
is thought to enhance growth and thus create employment opportunities, it also facil-
itates capital–labour substitution. On the other hand, with broadband access, people
outside the boundaries of traditional institutions and hierarchies can also innovate
to produce new goods and services. Broadband connections also increasingly allow
people to carry out tasks at times and places they could previously not, facilitated by
a corporate culture that is increasingly output-oriented rather than location- or time-
oriented. While increased flexibility is likely to have a positive impact on workers’
productivity, companies can also save costs on office space. Telework is a significant
phenomenon and with increasing broadband penetration it can be expected to grow
further. Telework is often thought to improve flexibility and quality of life for workers,
relieve traffic congestion problems, and reduce pollution. With broadband access in
their homes, teleworkers are able to work away from the office with alternative working
patterns better suited to the demands of their lifestyle and commitments than the
traditional 9–5 office hours, resulting in a better work–life balance. Flexible working
practices enabled by broadband access might help increase labour market participa-
tion and reduce problems related to transport, environment, and aging populations, as
well as help ease bottlenecks in the health sector, e.g., monitoring patients in rural
areas. In addition, broadband not only changes the role of individuals in the produc-
tive process, facilitating user-created content (UCC), also known as user-generated con-
tent (UGC), and user-driven innovation, but also has a positive impact on consumer
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surplus. Broadband access networks bring about lower search and information cost and
greater access to information, which makes price comparisons easier, increases com-
petition, and creates a downward pressure on prices. They also enable the increased
customization of goods and services and the ensuing improved quality. This process
not only affects online shopping but also can affect offline shopping when people
search for information and compare prices online before going to a shop to make
the actual purchase. The resulting empowerment of the individual through the use of
broadband access networks constitutes a very important economic impact and brings
about a restructuring of the relationship between customers and suppliers. There are
new broadband-enabled services that give consumers direct access to lower cost ser-
vices abroad. An example given in (OECD [2007]) is an Indian company that offers
tutoring services to pupils for less than half the price of those available in the United
Kingdom. All that is needed is a broadband connection, a headset, and the software
provided by the company. Broadband access also helps empower small and medium
enterprises (SMEs), enabling them to compete with larger firms in an increasing num-
ber of markets and to purchase services they previously could not afford, e.g., remote
IT services such as website hosting, voice over Internet protocol (VoIP) service, net-
work security, or software as a service (SaaS) rather than hiring an IT technician.
As a result, broadband access increasingly enables people to start small businesses
from home, which will contribute to a more dynamic and entrepreneurial business
sector.

1.3 Coverage

In December 2009, the OECD published its latest report on broadband coverage across
OECD countries taking the most important fixed wired and wireless broadband tech-
nologies into consideration (OECD [2009]). The reported coverage data indicate the
extent to which businesses and residential customers have access to broadband, i.e.,
to what extent the population and businesses are able to subscribe to broadband if
they wish. Historically, for the purpose of data collection, the OECD has considered
broadband as a service providing Internet access at speeds higher than 256 kb/s. The
broadband technologies considered in this report include all access technologies except
mobile broadband, whose measurement methodology is currently being developed.
Specifically, the report includes the following fixed wireline and wireless broadband
technologies (to be described in technically greater detail in Chapter 2):

Fixed wireline broadband technologies

• Full variety of digital subscriber line (DSL)
• Cable modem
• Fiber-to-the-premises (FTTP), i.e., fiber-to-the-home and fiber-to-the-building

(FTTH/B)
• Broadband over power line (BPL)
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Fixed wireless broadband technologies

• Satellite
• Worldwide interoperability for microwave access (WiMAX)

In addition, the report contains data on 3G coverage focusing on the two mobile
wireless technologies listed below:

3G mobile wireless technologies

• Wideband code division multiple access (WCDMA) for universal mobile telecom-
munications system (UMTS)

• CDMA2000

In the following, we summarize the major findings of OECD’s latest report on
broadband coverage for the aforementioned fixed wireline/wireless broadband and 3G
mobile technologies. In our discussion, we also include some illustrative broadband-
related statistics from the OECD broadband portal (OECD [2010]). Figure 1.1 depicts
the total number of broadband subscribers (in million) for various OECD countries.
Population distribution patterns, both in terms of density and dispersion, and diffi-
cult terrain are among the most important factors affecting broadband coverage. Low
population density and high dispersion can encourage the use of terrestrial wireless
or satellite technology (and/or a hybrid of these) rather than wired infrastructure that
may be more expensive and less timely to deploy. Figure 1.2 shows the broadband
subscriptions sorted by technology for a total of 271 million subscribers. DSL and
its variants, in particular asymmetric DSL (ADSL), account for the majority (60%)
of broadband subscriptions in OECD countries. Cable modem Internet access is the
broadband technology with the second largest number of subscribers across OECD
countries, representing 29% of the OECD broadband subscription base. Fiber connec-
tions are still a minority in almost every OECD country, accounting for only 9% of

0 10 20 30 40 50 60 70 80 90 

Iceland 
Luxembourg 

Slovak Republic 
Ireland 

New Zealand 
Finland 
Norway 

Hungary 
Portugal 

Austria 
Czech Republic 

Greece 
Denmark 

Switzerland 
Sweden 
Belgium 
Poland 

Australia 
Turkey 

Netherlands 
Mexico 

Spain 
Canada 

Italy 
Korea 

United Kingdom 
France 

Germany 
Japan 

United States 

Figure 1.1 Total fixed and wireless broadband subscribers by country, OECD Broadband Portal,
http://www.oecd.org/sti/ict/broadband, accessed on 16/06/11.
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Figure 1.2 Fixed and wireless broadband subscriptions by technology, OECD Broadband Portal,
http://www.oecd.org/sti/ict/broadband, accessed on 16/06/11.

current broadband subscriptions (under FTTB, local area network [LAN] deployment
in apartments is included). However, it is important to note that an increasing num-
ber of telecommunications operators are starting to launch this service to the market
and coverage is expected to increase in the short to medium term. This will represent
an important step towards higher transmission speeds and the opportunity for new ser-
vices, which may bring into question the economic viability of some of the existing
broadband technologies. Only 2% of current broadband subscribers use technologies
other than DSL, cable modem, and FTTH/B. Satellite broadband solutions using the
Ka band are starting to be deployed by providers and the future is promising in terms
of performance as bit rates between 10 and 20 Mb/s are expected. Ka band technol-
ogy reduces the required dish size, resulting in a lower equipment cost to consumers.
It employs so-called spot beams rather than regional or hemispheric transponder cov-
erage, allowing for a more efficient use of bandwidth. However, in the long run, the
performance of Ka band satellite systems will be lower than that of wired broadband
technologies, not only in terms of bit rate but also latency and price. Satellite broad-
band requires expensive customer premises equipment (CPE), including a satellite dish,
and it is more expensive than other broadband access technologies. Moreover, it suffers
from a high latency and its performance may be seriously affected by weather condi-
tions. It is clear that satellite suppliers will hardly reach the price to speed ratio that
wired broadband suppliers offer unless they are subsidized. This is actually the case
in some rural broadband deployment plans, where satellite connections are offered at
comparable prices to those of wired broadband. For instance, Australian satellite oper-
ators offer coverage to almost 100% of the Australian population. This is a solution
very well adapted to a vast continent like Australia, where terrestrial technology cannot
provide broadband services to all the population, especially in remote areas. WiMAX
has been regarded as a key technology to provide broadband services in rural areas.
Satellite and fixed wireless broadband technologies are often potentially good solutions
for improved coverage since their deployment costs are far less than those of wired solu-
tions. However, while satellite technologies mostly reach 100% population coverage,
WiMAX needs base station deployments, which may hinder its success in rural areas
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Figure 1.3 Fixed and wireless broadband subscribers per 100 inhabitants, OECD Broadband
Portal, http://www.oecd.org/sti/ict/broadband, accessed on 16/06/11.

not reached by wired broadband technologies. Lastly, BPL has not yet been used for
delivering extended broadband coverage, even though the ubiquity of power networks
would in principle suggest its use as an important technology in rural areas. However,
BPL faces a number of technological and regulatory challenges that have hindered its
development. Currently, BPL accounts for less than 30 000 subscribers across OECD
countries.

Figure 1.3 provides more detailed information about the numbers of broadband
subscribers per 100 inhabitants for the three predominant broadband technologies
(DSL, cable modem, and FTTH/FTTB) in OECD countries with the highest broadband
penetration. DSL is the most common broadband technology used for high-speed Inter-
net connections in most OECD countries. Cable networks were initially deployed in
OECD countries to support cable television service, but have been extensively upgraded
in order to provide cable modem broadband access to the Internet. Cable modem cover-
age varies significantly across OECD countries. Italy and Greece have no cable modem
as historically they do not have cable television. Coverage in Turkey and New Zealand
is also very limited. In contrast, the United States, Canada, Belgium, the Netherlands,
and Portugal enjoy quite a high cable modem coverage. In fact, Canada and the United
States are the only two countries where cable modem is leading in terms of broadband
coverage, surpassing even DSL coverage. Cable broadband providers are starting to
upgrade their network infrastructure to adopt data over cable service interface specifi-
cations (DOCSIS) 3.0, the new version of DOCSIS that will enable download speeds of
around 150 Mb/s, which may well provide significant competition to fiber deployment
in areas where there is infrastructure competition. The main concern about the future of
cable networks is how they will face competition from fiber infrastructure and whether
DOCSIS 3.0 standard developments will be able to face FTTH/B competition, which
in principle can reach higher transmission rates. However, DOCSIS 3.0 upgrade is less
resource demanding than fiber deployment in terms of cost since it relies on an existing
infrastructure. Note that Fig. 1.3 also shows the OECD average number of DSL, cable
modem, and FTTH/B subscribers, which is equal to 22.8 per 100 inhabitants.

Figure 1.4 depicts the percentage of fiber connections (FTTH/B) in total broad-
band subscriptions, while FTTH/B household coverage is shown in Fig. 1.5. In par-
ticular, Japan and (South) Korea have high coverage of fiber broadband. About 86.5%
of Japanese and 67% of Korean households have FTTH/B coverage. Sweden, France,
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Figure 1.4 Percentage of fiber connections in total broadband, OECD Broadband Portal,
http://www.oecd.org/sti/ict/broadband, accessed on 16/06/11.
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Figure 1.5 FTTH/B coverage, OECD Broadband Portal, http://www.oecd.org/sti/ict/broadband,
accessed on 16/06/11.

the United States, Denmark, and Finland reach an FTTH/B household coverage above
10%. In the Slovak Republic, FTTH/B coverage is 20%. On the other hand, 14 OECD
countries have no FTTH/B coverage and four other OECD countries have less than
2% of households passed. However, this situation might rapidly change if some of
the largest telecommunications operators start to launch their fiber offers on a broader
scale, as Verizon in the United States, Numericable in France, or Fastweb in Italy have
already done. As a matter of fact, fiber is starting to gain importance in OECD countries.
Although FTTH/B household coverage is still low for most of them with the OECD
average currently being equal to 16.96%, operators are expected to increase their fiber
rollouts in the short to medium term.
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Figure 1.6 3G coverage, OECD Broadband Portal, http://www.oecd.org/sti/ict/broadband,
accessed on 16/06/11.

Figure 1.6 depicts the 3G population coverage across OECD countries. While some
countries have almost achieved complete coverage, e.g., Japan reaching 100% coverage
already in March 2007, Sweden (100%), Australia (99%), and South Korea (99%),
Turkey has not started its 3G deployment yet. The population-weighted average cov-
erage across OECD countries already attains 81%, with 16 countries reaching at least
90%. In general, most of the OECD countries focus on rolling out 3G mobile wire-
less networks rather than investing in upgrades to 2G systems. Some operators have
announced that they will deploy mobile WiMAX solutions and deployments have
started in South Korea, France, the United States, Japan, and Spain. However, in
terms of coverage, mobile WiMAX is much less available than other 3G technolo-
gies. Mobile broadband can be regarded as a complementary or substitute technology
for wired broadband. For urban areas, where wired technologies are highly preva-
lent, mobile broadband is usually a complementary technology that intends to provide
end-users with mobility. Thus, in urban areas, mobile broadband solutions may be
mainly addressed to users who want broadband access when they are away from their
homes, e.g., travellers. However, mobile broadband may also be a substitute technol-
ogy specifically addressed to areas where it is not economically efficient to deploy
wired broadband technologies, such as rural, remote, or scarcely populated areas. For
these situations, mobile broadband (together with fixed wireless) technologies may
address specific broadband access problems and act as a substitute for wired broadband
technologies.

1.4 Forecast

As we have seen in the previous section, the average FTTH/B household coverage
in OECD countries is close to 17% at present, while the majority of subscribers
resort to DSL or cable modem technologies for broadband access. However, it is
important to note that both DSL and cable networks rely on broadband solutions
that push fiber deep into the access network, leading to so-called deep fiber access
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Figure 1.7 FTTx network architectures.

solutions (Kautz and Walker [2005]). We are currently witnessing a strong worldwide
deployment of deep fiber access solutions to push optical fiber closer to individ-
ual homes and businesses and to help realize FTTx networks, where x denotes the
discontinuity between optical fiber and some other transmission medium (Koonen
[2006]). Figure 1.7 shows a variety of possible FTTx network architectures, ranging
from fiber-to-the-node (FTTN) to FTTH networks, depending on how deep optical fiber
reaches into the first/last mile. In FTTN networks, fiber is used between the central
office (CO) and the DSL access multiplexer (DSLAM) located at the remote node.
The DSLAM connects to each end-user’s modem through a separate legacy telephone
twisted pair of copper wires. FTTN networks deploy asymmetric DSL2+ (ADSL2+) on
the twisted pairs offering data rates of up to 24 Mb/s downstream and up to 3.5 Mb/s
upstream. In fiber-to-the-cabinet (FTTCab) networks, also known as fiber-to-the-curb
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Table 1.1. Bandwidth requirements for SDTV and HDTV streams with and without compression
(Kautz and Walker [2005]).

Broadcast MPEG-2 MPEG-4/H.264 Windows Media 9

SDTV stream 6 Mb/s 3.5 Mb/s 2–3.2 Mb/s 2–3.2 Mb/s
HDTV stream 19.2 Mb/s 15 Mb/s 7.5–13 Mb/s 7.5–13 Mb/s

(FTTC) networks, the DSLAM is moved closer to the end-user in order to shorten the
length of the twisted-pair drop lines and thereby enable the deployment of very high
bit-rate DSL (VDSL), which offers significantly increased data rates of up to 52 Mb/s
downstream and up to 16 Mb/s upstream. FTTCab is also used by cable network oper-
ators to build hybrid fiber-coax (HFC) networks, where the drop lines are realized
through coax cables instead of twisted pairs. Bringing fiber all the way to buildings gives
rise to FTTB networks. Typically, FTTB networks use a multi-dwelling unit (MDU)
optical network unit (ONU) in the basement of the building to terminate the optical
signal coming from the CO and distribute the converted signal across a separate net-
work inside the building. Finally, paving all the way to the home with optical fiber leads
to FTTH networks, which come in two flavors: (i) point-to-point (PtP) star topology,
where each ONU is connected to the CO via a separate fiber, or (i i) point-to-multipoint
passive optical network (PON) tree topology, using a single shared fiber link between
the CO and a passive optical splitter/combiner at the remote node.

The choice of the right FTTx solution depends on many factors, including ser-
vice requirements, technological capabilities, regulatory requirement, existing installed
infrastructure, capital and operational expenditures, and return on investment (ROI)
goals. In addition to the length of installed copper cables, the condition of the existent
copper infrastructure is very important. Older copper cables of poor quality may not
support high-speed DSL and may require replacement. If copper has to be replaced, it is
more cost effective to lay fiber. In greenfield deployments, the cost of installing fiber has
now reached parity with copper. In both brownfield and greenfield deployments, it is less
expensive to use fiber instead of copper, given the longer life span of fiber and the cor-
responding lower ongoing maintenance costs. According to (Wagner et al. [2006]), the
plant of PON-based FTTH/B networks enables major operational-cost savings, which
nearly pay for the installation expenses over a seven-year period without even taking
service-related revenues into account. Also with respect to expected bandwidth require-
ments per home, a deep fiber access solution like FTTH/B will be the best alternative
for carrying triple-play traffic (i.e., voice, video, and data) in a future-proof manner.
Table 1.1 lists the bandwidth requirements to carry a single standard definition televi-
sion (SDTV) or HDTV stream with and without using various compression algorithms.
The bandwidth requirement for multiple HDTV VoD streams ranges from 40 Mb/s for
support of four HDTV channels to 80 Mb/s for support of up to eight HDTV channels
per home. If an additional 20 Mb/s for high-speed data and VoIP is allocated, then the
total bandwidth required for triple-play services is between 60 Mb/s and 100 Mb/s per
home (Kautz and Walker [2005]).
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Deep fiber access is a challenging mix of technology choices, business models, and
regulatory issues. But due to increasingly personalized, interactive, on-demand, and
high-definition broadband service demands and thanks to innovations within low-cost
fiber-laying and fiber-blowing techniques, e.g., micro-trenching, there is no doubt that
widespread FTTH/B deployment is just a matter of time (Ericsson [2008]).

According to the International Telecommunication Union (ITU), the total number of
fixed broadband subscribers worldwide has grown more than threefold over the past 5
years, from about 150 million in 2004 to almost 500 million by the end of 2009. In
2008, China overtook the United States as the largest fixed broadband market in the
world. At the end of 2008, China’s fixed broadband penetration was 6.2 subscribers per
100 inhabitants, the highest of any low or lower-middle-income economy in Asia and
the Pacific. In contrast, in Africa there is only one fixed broadband subscriber for every
1000 people, while in Europe there are 200 subscribers for 1000 people. Clearly, these
figures indicate that there exists a serious global broadband divide between developed
and developing countries. In most developing countries, the price for fixed broadband
access remains prohibitively high, preventing people from having access to the informa-
tion society. Similar observations were made for mobile broadband subscriptions (ITU
[2009]).

The impact of income distribution on broadband penetration in developed and
developing countries was investigated in (Handler and Grossman [2009]). Broadband
penetration rates have soared in most developed countries over the past several years,
benefiting gross domestic product (GDP) growth. Broadband affordability is a major
inhibitor to growth in developing countries. Beside the per-capita GDP, a country’s
income distribution can also inhibit growth since in countries with highly skewed
income distribution only a limited share of the population can afford broadband. While
in developed countries broadband affordability is not a material issue for the vast major-
ity of households, developing countries should consider social policies that promote a
more egalitarian income distribution in order to maximize the benefits of future broad-
band investments. Such policies might include tax breaks for the lowest income classes,
particularly for broadband equipment purchases.

In its latest home broadband adoption report, the Pew Internet & American Life
Project identifies the major barriers to broadband adoption in the United States.
Generally, the two most important factors positively correlated with home broadband
adoption are income and education. However, while population subgroups that have
above average broadband usage rates saw modest increases from 2008 to 2009, the
greatest growth in broadband adoption has taken place in the same time period among
low-income Americans and senior citizens, two population subgroups that have below
average broadband usage rates. Specifically, Americans age 65 and over had a broad-
band adoption growth of 58% from 19% to 30%, while Americans living in households
with annual incomes of US$ 20 000 or less saw a broadband adoption growth from 25%
in 2008 to 35% in 2009, which translates into a 40% growth. Broadband adoption in the
United States appears to have been largely immune to the effects of the current economic
recession. According to the report, an increasing number of respondents said that they
had cut back or canceled a cell phone plan or cable television service rather than their
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Internet service. The rise in home broadband adoption, in the face of a severe economic
recession, may seem surprising. On the other hand, the migration to the Internet of many
resources for finding and applying for jobs may prompt some to cut something else and
keep (or add) broadband. It appears that few people are willing to cut back on broad-
band and people are more likely to economize on communication services other than
the Internet. The report also shows that home wireless networking has been steadily on
the rise, reaching 37% of all Internet users in 2009 (Horrigan [2009]).

While FTTH currently accounts for only 5% of US subscribers with broadband at
home, the take-rate for FTTH services continues to increase. In a recent FTTH North
American market update by RVA Market Research & Consulting, take-rates have been
fairly steady at 52%. These rates include some cases where fiber has been replaced for
all customers, even voice only customers. However, it is important to note that even vol-
untary take-rates for some individual FTTH projects exceed 82%. This is especially true
in rural areas that were previously underserved with both Internet and video services and
therefore have little real competition (RVA Market Research & Consulting [2009]).

According to recent market data by ABI Research, the number of fixed broadband
subscribers will rise to 501 million by the end of 2014, of which 106 million will
subscribe to services delivered via fiber. Among the three major fixed broadband tech-
nologies, the number of fiber subscribers will increase fastest at a compound annual
growth rate of 20% from 2008 to 2014. Furthermore, FCC has recently unveiled the
United States’ first national broadband plan with the goal to provide every American
with broadband access speeds of 100 Mb/s by 2020. Toward this goal, fiber (together
with next-generation wireless) broadband technologies will play an increasingly vital
role in future broadband access networks. This is already witnessed by installed state-
of-the-art VDSL equipment that is almost exclusively based on optical fiber backhaul
solutions. While copper will certainly continue to play an important role in current and
near-term broadband access networks, it is expected that FTTH deployment volume
will keep increasing gradually and will eventually become the predominant fixed wire-
line broadband technology by 2035 (Ödling et al. [2009]).



2 Legacy broadband technologies

Broadband access involves various enabling technologies. The choice of broadband
technology generally depends on a number of factors such as availability, price, loca-
tion, service bundling, and technological requirements. In this chapter, we review the
technical details of the most common types of fixed wireline, fixed wireless, and mobile
wireless legacy broadband technologies, including, but not limited to, digital subscriber
line, cable modem, and 3G systems. In our discussion, we try to highlight the benefits
and limitations of available legacy broadband technologies.

2.1 Fixed wireline broadband technologies

2.1.1 Digital subscriber line

The local subscriber loop of most of today’s telephone companies consists of unshielded
twisted pair (UTP) copper wires. The length of the local loop depends on a number of
factors such as population density and location of the connected residential or business
customers. However, it is usually no longer than 4–6 km due to limitations stemming
from legacy narrowband telephony. The copper wire pairs can be buried or aerial and
are typically grouped together in so-called binders, also known as bundles, which may
contain tens or even hundreds or thousands of twisted pairs (Czajkowski [1999]).

Traditional voiceband modems operate at the bottom frequencies (0–4 kHz) of the
spectrum available on twisted pairs and offer data rates of no more than 56 kb/s. It is
important to note, however, that it is not the UTP copper wires that prevent transport
of broadband data signals but rather the bandwidth allocated by legacy telephone com-
pany switches to voice calls. Much higher data rates can be achieved by avoiding the
narrowband voice switch and instead have a transmission path that only includes the
twisted pair. As shown in Fig. 2.1, the family of different digital subscriber line (xDSL)
modem technologies makes use of a splitter at both sides of each twisted pair to sep-
arate data signals from the plain old telephone service (POTS). At the central office
(CO), the extracted data signals are routed as broader bandwidth digital signals through
an appropriate broadband network, which may be based on technologies such as asyn-
chronous transfer mode (ATM) and Internet protocol (IP). The data rates achievable
over twisted pair phone lines depend heavily on the length of these lines. In general, the
capacity of twisted copper wires decreases for increasing length. The currently fastest
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Figure 2.1 Digital subscriber line (xDSL) communication model. After Cioffi et al. (1999).
c©1999 IEEE.

Figure 2.2 Spectrum allocation of VDSL and traditional narrowband POTS/ISDN services.
After Cioffi et al. (1999). c©1999 IEEE.

DSL technology, also known as very high bit-rate DSL (VDSL), is able to deliver data
rates of up to 52 Mb/s downstream and up to 16 Mb/s upstream on the shortest twisted
pairs with a length of 300 m or less (Cioffi et al. [1999]).

The way xDSL technologies provide increased data rates is by using frequencies
above 4 kHz, which have not been used previously for voice transmission due to unac-
ceptable levels of crosstalk. By capitalizing on highly sophisticated techniques enabled
by the continuing advancement of lower cost and more powerful digital signal process-
ing (DSP) chips, it became possible to limit the detrimental impact of crosstalk and other
physical transmission impairments (e.g., attenuation, radio frequency ingress, thermal
noise, and impulsive noise) and therefore expand the bandwidth potential over a single
pair of copper wires. These techniques not only permit POTS to continue unaffected
over twisted pairs in the same binder, but also permit POTS to continue simultane-
ously on the same phone line along with xDSL transmission (Humphrey and Freeman
[1997]). For illustration, Fig. 2.2 depicts the power spectral density (PSD) of VDSL and
traditional narrowband POTS and integrated services digital network (ISDN) services
sent across the same phone line, whereby VDSL is able to achieve significantly higher
data rates than traditional voiceband modems and ISDN by exploiting frequencies in
the range of 300 kHz to 30 MHz well above the frequencies used by narrowband
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POTS/ISDN services. To separate the narrowband and broadband signals at both ends
of the phone line, each VDSL modem’s splitter contains a low-pass filter passing the
POTS/ISDN and a high-pass filter passing the VDSL signals.

Depending on the bandwidth requirements of customers, different optical fiber
based architectures are possible for xDSL deployment, as we have already seen in
Fig. 1.7 when we were discussing the various types of fiber-to-the-x (FTTx) archi-
tecture. In fiber-to-the-node (FTTN) and fiber-to-the-cabinet (FTTCab) based xDSL
architectures, the DSL access multiplexer (DSLAM) is placed at the remote node
and street cabinet, respectively. The DSLAM multiplexes the upstream and down-
stream transmissions of multiple subscribers, each connected via a separate pair of
copper wires. In general, xDSL deployments exhibit a fundamental trade-off between
the length of the twisted pair copper wires and the achievable data rate. The nearer
the optical fiber reaches to the subscriber, the shorter the length of the copper
drop lines and the higher the achievable data rate. According to (Maxwell [1996]),
the following downstream data rates can be realized for the indicated local loop
lengths:

1.5 Mb/s 18 000 ft
2.0 Mb/s 16 000 ft
6.0 Mb/s 12 000 ft
9.0 Mb/s 9 000 ft

13.0 Mb/s 4 500 ft
26.0 Mb/s 3 000 ft
52.0 Mb/s 1 000 ft

The family of xDSL technologies has been growing over the last decades with the
goal to provide ever increasing data rates to business and residential customers, at the
expense of requiring progressively more bandwidth in the twisted pair copper wires.
The most important xDSL technologies include high-bit-rate DSL (HDSL), asymmetric
DSL (ADSL), and VDSL (Humphrey and Freeman [1997], Czajkowski [1999]):

• HDSL
HDSL is the oldest of the xDSL technologies and has been widely deployed since
1993. Originally, HDSL used three pairs of copper wires, but later standards speci-
fied a 2-pair HDSL, followed by a version of HDSL using a single copper pair. Most
HDSL implementations provide either 1.544 or 2.048 Mb/s of symmetrical band-
width up to 12 000 ft from the CO. These speeds conform to T1 and E1 standards in
North America and Europe, respectively. Hence, HDSL has been primarily deployed
for the provisioning of T1/E1 leased lines among business customers.

The later versions of HDSL use trellis coded pulse amplitude modulation (TC-
PAM). HDSL has been attractive because it greatly reduces the cost of traditional
T1/E1 lines by eliminating the need for repeaters, as opposed to native T1/E1 lines
that require repeaters every 1 km. Furthermore, HDSL is tolerant to poor quality
cables and may also be used for rapid deployment.
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• ADSL
ADSL allocates more bandwidth for downstream than upstream transmissions. The
original version of ADSL was standardized in 1995 and was capable of delivering up
to 8 Mb/s downstream and 1 Mb/s upstream. The latest version of ADSL, referred to
as ADSL2+, increases the available downstream data rate to 24 Mb/s.

The majority of commercially available ADSL modems deploy the standard-based
discrete multitone (DMT) modulation technique. DMT is a multicarrier modulation
technique, which divides the phone line into many small channels and modulates
each channel for data transmission. An earlier modulation technique widely used in
commercially available ADSL modems was the so-called carrierless amplitude phase
(CAP) modulation, a technique closely related to quadrature amplitude modulation
(QAM). CAP is a single-carrier modulation technique that uses the bandwidth above
4 kHz as a single data transmission channel.

Channel allocation in ADSL may be done in two modes: (i) frequency division
multiplexing (FDM) mode, or (i i) echo cancellation (EC) mode. Each mode blocks
off the lower 25 kHz for POTS (POTS only needs 4 kHz, but splitters are easier
to design for higher cut-off frequencies). In FDM mode, the downstream channel
starts above the upstream channel at approximately 240 kHz and extends as far
up as needed, whereby the upstream channel uses bandwidth in the order of 135
kHz between the downstream and POTS channels. In EC mode, the downstream
channel overlaps the upstream channel. This has the advantage that the downstream
channel has more bandwidth in the good transmission window of the phone line
and the upstream channel can be extended upward, at the expense of an echo can-
celler (Maxwell [1996]).

ADSL speeds may vary greatly based on a number of conditions. In areas with
a large variance in the length of the local loop, the type of copper wire, and the
quality of the phone line, it becomes difficult to determine what speeds should be
provisioned over each phone line. Rate-adaptive DSL (RADSL) is a subset of ADSL
that automatically adjusts the data rate based on a series of initial tests that determine
the maximum speed possible on a given phone line, thereby taking much of the
effort and/or guesswork out of provisioning ADSL (Humphrey and Freeman [1997]).

• VDSL
VDSL is the most recent and highest-speed xDSL technology, originally standard-
ized in 2001. VDSL is defined to offer asymmetric and symmetric services. The
first type of service is usually for residential customers, while the latter one is
generally viewed as a business service, e.g., for local area network (LAN) inter-
connection. Desired asymmetric VDSL data rates over 1 km are in the range 22–23
Mb/s downstream and 3–4 Mb/s upstream. This allows delivery of digital TV (DTV),
high-definition TV (HDTV), multimedia entertainment, super-fast Web surfing, file
transfer, and virtual office at home. For shorter distances of 300 m or less, the down-
stream data rate can be as high as 52 Mb/s, thus offering the possibility for a service
provider to simultaneously deliver multiple DTV or HDTV channels. Symmetric
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VDSL allows 13 Mb/s connections over twisted pairs of up to 1 km and 26 Mb/s
over shorter loops of less than 300 m (Nava and Del-Toso [2002]).

As shown in Fig. 2.2, VDSL supports traditional narrowband POTS/ISDN services
in the low-frequency spectrum of the same twisted pair. VDSL uses frequency
division duplex (FDD) with several different frequency bands to separate upstream
and downstream transmissions. There are two standards for single-carrier and multi-
carrier modulation in VDSL. The multicarrier modulation is a DMT solution that
is backward compatible with ADSL. The other solution uses QAM as a modula-
tion scheme (Cioffi et al. [1999]). It is important to note, however, that only DMT
remained part of the standard for second-generation VDSL systems, also known as
VDSL2, which are able to provide up to 100 Mb/s in both upstream and downstream
directions simultaneously for short local loops.

Recall from the above that tens or hundreds of twisted pair copper wires are bun-
dled together in a single binder. Due to the electromagnetic coupling between twisted
pairs the performance of xDSL systems is severely constrained. Many loop plants may
carry different xDSL types that were potentially incompatible with existing services.
For instance, in the United States, the 1996 Telecommunications Act created an envi-
ronment to foster competition by unbundling the local loop of incumbent local exchange
carriers (ILECs), thus allowing competitive local exchange carriers (CLECs) to provide
xDSL services. As a consequence, ILECs could no longer control which xDSL tech-
nologies were deployed in their local loop plant. To allow xDSL deployments without
incompatible technologies causing service outages, standardization efforts were initi-
ated in 1998 to create a technical definition of spectral compatibility, giving rise to
something that is now commonly referred to as spectrum management. Spectrum man-
agement is the process of ensuring spectral compatibility while optimizing the local
loop plant. The resultant American National Standards Institute (ANSI) spectrum man-
agement standard T1.417-2001 defines a set of basis systems, which include HDSL,
ADSL, and VDSL, among others. According to the spectrum management standard,
any new xDSL technology must not generate crosstalk that significantly degrades the
performance of any basis system. Toward this end, so-called PSD masks have been
specified for the different xDSL technologies, whereby a given xDSL system cannot
transmit more power at any frequency than the PSD mask to which it conforms in order
to guarantee spectral compatibility (Kerpez [2002]).

The design of the PSD masks is based on worst case crosstalk scenarios, resulting in
a static spectrum management and conservative xDSL deployments. Consequently, the
current static design approach leads to xDSL deployments that are overly restrictive in
terms of both coverage and speed. Dynamic spectrum management (DSM) departs from
this design philosophy by allowing for adaptive allocation of the available resources
among neighboring phone lines, depending on the channel characteristics and crosstalk
levels (Song et al. [2002]). DSM DSLs coordinate simultaneous transmissions in the
binder in order to reduce crosstalk and most other noises, e.g., radio ingress and impulse
noise. They hold promise to use single-line VDSL systems to achieve 500 Mb/s data
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rates on phone lines of up to 400 m in length. It was shown that in multidropping DSM
DSL architectures with two to four twisted pairs per customer, a binder of 200 phone
line connections potentially provides a total of 100 Gb/s of shared bandwidth for both
upstream and downstream directions together (Cioffi et al. [2007]).

While the data rates achievable in emerging DSM DSL architectures are beyond
today’s standardized optical fiber access network solutions, it is important to note that
the speeds are higher not because copper has a wider bandwidth than fiber, but because
existent optical access networks are far from exploiting the full bandwidth of fibers.
Unlike DSM DSLs, optical access networks have not only the design goal of contin-
uously increasing data rates but also, and more importantly, reducing the complexity,
avoiding the use of powered equipment between CO and customers, as well as increas-
ing the range while decreasing the CO2 footprint for the realization of future-proof fixed
wireline broadband access networks, as discussed in greater detail in Part II.

2.1.2 Cable modem

Cable television, originally known as community antenna television (CATV), started in
1948 with the goal to distribute analog TV programs in residential areas with limited
reception of over-the-air broadcast TV signals. Traditional CATV networks consisted
entirely of coaxial cables, which were typically laid out in a tree topology. At the root
of the tree, the head-end receives the TV programs over satellite or microwave links.
The head-end hosts the so-called cable modem termination system (CMTS), which acts
as an interface between the head-end and remote subscribers, each equipped with a
cable modem (CM).

Cable operators soon got the idea to utilize their network infrastructure to provide
subscribers with not only television but also broadband Internet access and telephony
services, turning traditional cable television operators into so-called multiple-system
operators (MSOs) (Dutta-Roy [1999]). Conventional cable networks were required to
have typically 20–40 amplifiers in cascade to compensate for the high propagation loss
of coaxial cables. As an active device, each amplifier caused noise and nonlinear signal
distortions and added to the unreliability of the amplifier chain. Due to the long cascade
of amplifiers, early cable networks were not well suited for real-time two-way high-
bandwidth services. As a result, beginning in the mid 1980s optical technologies were
deployed by the cable industry to support broadband, giving rise to hybrid fiber-coax
(HFC) architectures that benefit from significantly lower fiber losses and savings on the
number of required amplifiers and their power supplies (Donaldson and Jones [2001]).

Figure 2.3 depicts the architecture of an HFC network. National TV programs are
received from a geostationary satellite by a dish antenna at the head-end. The CMTS at
the head-end mixes the national TV signals with news and commercials of local interest
and transmits them in analog form to various neighborhoods by fiber optic cables, which
terminate into fiber nodes, each supporting 500–2000 households. At the fiber nodes, the
optical signals are converted into electronic signals and distributed over coaxial cable
to the drop points of individual residences. From the drop point, a coaxial cable brings
the signals to a network interface unit (NIU) located outside every residence. A diplexer
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Figure 2.3 Hybrid fiber-coax (HFC) network architecture. After Dutta-Roy (1999). c©1999 IEEE.

inside the NIU separates the upstream from the downstream signals. The NIU also sep-
arates incoming signals destined for TV programs, voice telephony, and Internet data
for the CM. Optical transmission of cable TV signals can be accomplished without
any appreciable attenuation with single-mode optical fiber, which has an attenuation of
approximately 0.35 dB/km at 1310 nm and 0.25 dB/km at 1550 nm. To compensate
for the attenuation of lossy coaxial cables, bidirectional amplifiers are placed along the
coaxial cables. To guarantee that all homes receive good quality signals, a home served
by the CMTS is no more than some 100 km from the head-end. In the optical segment of
the HFC architecture, signals from and to the head-end usually travel on separate fiber
strands. In the coax segment, however, a single coaxial cable must carry both upstream
and downstream signals. Toward this end, the downstream and upstream channels are
carried on the common coaxial cable by using FDM with an assigned transmission spec-
trum that slightly varies for different regions. In the United States, individual TV chan-
nels are separated usually 6 MHz apart from each other, whereby downstream channels
are placed at frequencies above 54 MHz, while frequencies between 5 MHz and 42 MHz
are allocated to upstream channels for both analog and digital transmissions (Dutta-Roy
[1999, 2001], Donaldson and Jones [2001]).

At each residence, the CM connects to the subscriber’s personal computer through
its Ethernet network interface card (NIC). Downstream data communication is accom-
plished with the same modulation systems used for cable digital television. There are
two options, both using QAM in a 6-MHz channel. The slower system uses 64-QAM
with an approximate raw data rate of 30 Mb/s, offering a payload information rate of
27 Mb/s after removing error correction and control overhead. The faster system uses
256-QAM with an approximate raw data rate of 43 Mb/s and a payload information rate
of 39 Mb/s. A large number of sources of interference limits the upstream communica-
tion options and speeds due to the fact that signals leak into the cable system through
consumer-owned devices and in-home wiring. Either 16-QAM or quadrature phase shift
keying (QPSK) is used as modulation for upstream communication. QPSK can tolerate
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more interferences than 16-QAM, but offers a lower maximum data rate of roughly 10
Mb/s, compared with approximately 20 Mb/s offered by 16-QAM (Ciciora [2001]).

In 1995, a number of MSOs started to work on the so-called data over cable service
interface specifications (DOCSIS) for CMs, leading to the completion of DOCSIS 1.0 in
1997. DOCSIS 1.0 covers the following four lower layers of the protocol stack: physical
layer, MPEG-2 transmission convergence layer (only for downstream), medium access
control (MAC) layer, and data link encryption layer. The physical layer specifies the
aforementioned modulation schemes for upstream and downstream transmissions on
the HFC network. The MPEG-2 transmission convergence layer encapsulates data in
MPEG-2 frames and allows for multiplexing data frames with other MPEG-2 frames,
e.g., video and audio, for downstream transmissions on the same carrier. At the MAC
layer, channel access is controlled by means of a request/grant mechanism. Specifically,
a CM requests from the CMTS an opportunity to transmit a certain amount of data. As
the CMTS receives transmission requests from all the CMs, it reserves transmit oppor-
tunities on the upstream channel(s) and informs each CM about its respective transmit
opportunity. In doing so, the CMTS is able to dynamically assign upstream transmit
opportunities to all CMs. To guarantee collision-free upstream transmissions, the MAC
protocol also defines procedures for the autodiscovery, ranging, synchronization, and
channel acquisition of CMs. Finally, the data link encryption layer defines a simple data
privacy function, known as baseline privacy interface (BPI), for encrypting traffic flows
between each registered CM and the CMTS (Fellows and Jones [2001]).

Since the initial standardization in 1997, DOCSIS was revised several times to
enhance its capabilities and functionalities. In 1999, DOCSIS 1.1 was released to
advance the original best-effort service by providing guaranteed quality-of-service
(QoS) to real-time applications, e.g., voice over Internet protocol (VoIP), to support IP
multicast, and to offer enhanced security services. DOCSIS 2.0 was approved in 2001 to
provide increased upstream data rates for symmetric services. The most recent version,
DOCSIS 3.0, was released in 2006. DOCSIS 3.0 provides a number of enhancements,
most notably, channel bonding, support for IP version 6 (IPv6), and creates a platform
for the evolution of cable television into IP television (IPTV). With channel bonding,
a single subscriber may use multiple upstream and/or downstream channels simultane-
ously, resulting in at least 120 Mb/s upstream and 160 Mb/s downstream (CableLabs
[2010]).

It is worthwhile to note that the DOCSIS MAC protocol bears striking similarities
to that of the Ethernet passive optical network (EPON), which will be described in
greater detail in Chapter 4. In both DOCSIS-based HFC and EPON networks, upstream
bandwidth is dynamically assigned according to given traffic demands by using a
request/grant mechanism. Furthermore, both access networks deploy similar proce-
dures for autodiscovery, ranging, and synchronization of customer premises equip-
ment (CPE), albeit there are also some differences between the two systems. Among
others, unlike EPON, cable networks allow for fragmentation in order to limit the size
of upstream data frames. With fragmentation, the CMTS may instruct a given CM to
fragment a large frame into multiple smaller subframes to ensure that the CMTS can
schedule transmit opportunities between individual subframes for certain CMs when
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those opportunities are needed in order to maintain QoS guarantees (Fellows and Jones
[2001]). More importantly, one of the major differences between HFC and EPON net-
works is the achievable data rate. As we will see in Chapter 4, state-of-the-art EPONs
provide symmetrical and asymmetrical data rates of up to 10 Gb/s, which are way above
those of DOCSIS 3.0 cable networks. In addition, EPONs bring fiber all the way to
the end-user and help realize fiber-to-the-home/building (FTTH/B) networks. An inter-
esting approach to offer a path for a seamless transition from cable-based services to
FTTH services is the so-called DOCSIS PON (DPON). In the past, MSOs have made
significant and ongoing investments in operations and support system (OSS) software
to integrate customer service, billing, and provisioning systems. The purpose of DPON
is to provide a seamless integration of an MSO’s existing OSS software with new
EPON technologies into their commercial or residential offerings. By implementing
the DOCSIS service layer interface on EPON, MSOs are able to provision and scale
Ethernet-based business services, e.g., Ethernet LAN (ELAN), while maintaining back-
ward compatibility (Blake [2008]).

2.1.3 Broadband over power line

Power line communications (PLC) have been studied for decades as a cost-efficient
means to realize home automation, where existing power lines are used for in-home
control and monitoring applications such as lighting control, security and access con-
trol, energy management, and automated meter reading (Bertsch [1990], Gershon et al.
[1991]). Beside simple control and monitoring, PLC-based home networks provide
an infrastructure for building smart homes, which seamlessly integrate many types
of information appliances, e.g., multimedia entertainment systems, in support of real-
time communications with QoS guarantees. Figure 2.4 depicts a smart home network,
where one of the connected computers (in the upper-right corner of the figure)
connects the in-home PLC network to the Internet using DSL or cable modem broad-
band technologies. As shown in Fig. 2.4, a smart home network may interconnect a

Figure 2.4 Smart home network using power line communications (PLC). After Lin et al. (2002).
c©2002 IEEE.
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wide range of different devices, including television, camera, personal digital assis-
tant (PDA), wireless LAN access point, laptop computer, and power meter (Lin et al.
[2002]).

The most important standard for PLC-based smart home networks is HomePlug AV
(HPAV), which was developed by the HomePlug Powerline Alliance to achieve coex-
istence with legacy 50/60 Hz electricity as well as security and lighting control signals
on household power wiring (HomePlug Powerline Alliance [2010]). HPAV’s spectrum
ranges from approximately 1.8 MHz to 30 MHz and can be easily separated from legacy
narrowband signals by means of passive filtering. It uses variable-bit loading orthogo-
nal frequency division multiplexing (OFDM), where selected carriers may be turned
off to mitigate induced electromagnetic or radio frequency interference (EMI/RFI).
More specifically, with variable-bit loading OFDM, the HPAV spectrum is divided into
multiple equally spaced carriers and each carrier is dynamically loaded with data bits
according to given channel interference and other line conditions. Depending on chan-
nel conditions, each carrier is modulated using either binary phase shift keying (BPSK),
QPSK, 8-QAM, 16-QAM, 64-QAM, 256-QAM, or 1024-QAM, providing a physical
layer data rate of up to roughly 200 Mb/s (Hazen [2008]).

PLC technologies may be used in two areas: (i) in-home networking inside the home,
which is sometimes referred to as last inch access, and (i i) last mile access to the home.
While PLC could be the preferred last-inch access technology of choice, it is not widely
thought to be superior to other last-mile broadband access technologies such as DSL
and cable modem, except for rural, remote, or underserved areas where telephone and
cable connections may not exist (Majumder and Caffery [2004]). A recent example of
deploying broadband over power lines is the region of Larissa, a rural area in central
Greece, where broadband access is provided along a power grid (in conjunction with
wireless LAN access points) (Sarafi et al. [2009]).

Broadband over power line (BPL) last-mile access networks face much harsher trans-
mission conditions than their DSL and HFC based counterparts. Unlike in twisted pair
copper and coax based architectures, frequency-dependent attenuation can vary by as
much as 20 dB in less than a second by turning on appliances. Furthermore, the signal-
to-noise ratio (SNR) may vary by as much as 10 dB in less than a second due to intro-
duced noise from switching power supplies and motors (Clark [1998]). BPL, also known
as power line telecommunications (PLT) or power line broadband (PLB), uses electrical
power transmission lines as the transport medium for symmetric broadband communi-
cations to and from homes and businesses. Similar to DSL, the great advantage of BPL
is the fact that it uses the wiring infrastructure already in place, thus avoiding the cost of
new cable installations. The only equipment a subscriber needs is a special modem to be
plugged into a power outlet on the wall, as shown in Fig. 2.5. A critical device to enable
data transmission over power lines between the generation station and subscribers is the
coupler. The coupler is needed to bypass power transmission system elements such as
transformers that would hinder broadband signals delivery (Qiu [2007]).

Over the last few years, improved technologies have been developed to send
broadband signals along with electricity in last-mile BPL access networks. Recently,
research on ultra-wideband (UWB) communication over indoor power lines has started,
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Figure 2.5 Broadband over power line (BPL) modem with Ethernet connection to the computer.
After Qiu (2007). c©2007 IEEE.

exploiting frequencies above 30 MHz. Preliminary studies indicate that indoor PLC
systems with Gigabit per second data rates become feasible by using a frequency range
from 50 MHz to 550 MHz (Chen et al. [2009]).

2.2 Fixed wireless broadband technologies

2.2.1 MMDS

Multichannel multipoint distribution service (MMDS) is a line-of-sight (LOS) wireless
technology that uses the frequency range of 2.150 to 2.680 GHz. MMDS simultaneously
applies multiple channels to support various traffic types. In the early 1970s, the Federal
Communications Commission (FCC) allocated the first two channels (i.e., 2.150 and
2.160 GHz) to business data transmissions. Due to the fact that the FCC did not specify
the types of traffic, service providers applied one of them for video and another one
for voice and data traffic (Biagini and Yang [2000]). MMDS was originally designed
to broadcast TV over a single cell with up to 56 km radius in a point-to-multipoint
manner. Since the MMDS technology is similar to cable television, it is also known as
wireless cable. Due to the inherent property of MMDS of providing wireless service to
both business and home end-users in various terrain types and especially in rural areas,
where cable installation is difficult or costly, it was considered a promising technology
to provide not only TV but also fixed wireless broadband access for Internet end-users.
In both MMDS and HFC networks, the medium is shared among end-users using radio
frequency (RF) signals to carry data.

As shown in Fig. 2.6, the MMDS RF channel is used in the downstream direction,
while cable modem and coax cable are used in the upstream direction. In an MMDS
network, the end-user is equipped with a DOCSIS cable modem. Typically, the MMDS
RF link provides up to 2 Mb/s. We note that the capacity of an MMDS network can be
further increased by means of RF multiplexing techniques or defining multiple sector
cells. In order to apply MMDS with sufficient bandwidth in a large metropolitan area,
cellular MMDS architectures should be designed, where the radio spectrum can be
reused. AT&T labs proposed and examined a two-way MMDS broadband fixed wire-
less access network, where both upstream and downstream transmissions are done wire-
lessly (Kim et al. [1999]). In the proposed architecture, the frequency of 2.6 GHz was



26 Legacy broadband technologies

Figure 2.6 MMDS network architecture.

Figure 2.7 LMDS network architecture.

considered for realizing a downstream data rate of 27 Mb/s, while on the upstream link
the frequency was set to 2.1 GHz providing a data rate of 2 Mb/s.

Local multipoint distribution system (LMDS) is another LOS-based fixed wireless
broadband access technology, which applies the frequency ranges of 27.5 to 29.5 GHz
and 31.0 to 31.3 GHz. Figure 2.7 shows the LMDS network architecture. LMDS is
a two-way wireless technology that provides up to 155 Mb/s downstream and 1.54
Mb/s upstream data rates. Although LMDS offers much higher data rates than MMDS,
the range of its radio signals is limited to approximately 8 km due to large free space
attenuation rendering it a cost-efficient approach for wireless end-users in urban
terrain type.

Since both LMDS and MMDS are LOS-based wireless technologies, various ter-
rain obstructions such as mountains, trees, and buildings have a major impact on their
coverage and signal quality. Foliated trees may attenuate the MMDS and LMDS RF
signals significantly (Papazian et al. [1997]). Moreover, the movement of tree branches
in windy conditions results in large and rapid signal fading. According to (Pelet et al.
[2004]), winds of 15 km/h cause fades of 15 dB for an MMDS RF signal destined to
the antenna on a bluff of four poplar trees. While rainy conditions have no major impact
on the quality of the MMDS RF signal, the increased scattering caused by wet leaves
increases signal fading (Kim et al. [1999]).
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2.2.2 Free space optics

Free space optics (FSO), also known as optical wireless communications, was already
tested in the 1960s, well before the development of optical fiber communications
systems (Davis et al. [2003]). Unlike optical fiber systems, FSO systems may be
installed on a demand basis without requiring the construction of expensive cabling
infrastructures and may be deployed to connect neighboring business buildings without
any right-of-way. They operate at high carrier frequencies and are thus able to provide
multi-Gb/s LOS wireless point-to-point communications links of typically a few hun-
dreds of meters. As the RF spectrum is becoming increasingly oversubscribed, FSO
systems represent an interesting alternative that avoids the spectrum and data rate lim-
itations of RF systems by using much higher frequency bands, ranging from 60 GHz
up to optical frequencies of almost 200 THz. FSO systems deploy a laser to generate
a highly directional lightwave that carries data through the atmosphere to an optical
receiver located at a fixed distance from the transmitter. FSO links are commercially
available that offer 1, 10, or even 40 Gb/s transmission rates over short distances (Wells
[2009]).

A key challenge in FSO communications systems is a process known as pointing,
acquisition, and tracking (PAT) for establishing and maintaining an optical link between
two sites (Epple and Henniger [2007]). PAT involves a number of steps. The first step is
to point the FSO terminal with its telescope toward the intended communication partner
based on available information about the partner’s position. If the terminal is unable to
determine the position, it has to do a wide scan for the partner terminal. This task is in
most cases time consuming and, if both terminals have to do scanning, it can become
very complex. After completing the pointing step, an optical signal from the partner
should be visible, which can be used to implement a closed-loop control system to
correct the initial pointing and align the two terminals more precisely. After the termi-
nals have acquired each other, the FSO system is ready for communication. To maintain
the communication, each terminal tracks the optical signal from the partner and aligns
itself with it. One of the biggest challenges for widespread deployment of FSO systems
is their optical signal propagation in different atmospheric conditions, which may cause
hugely varying link degradation due to variable attenuation and fading. Atmospheric tur-
bulence creates temporary pockets of air with different refractive indices. These pockets
let the laser beam phase-front vary randomly, resulting in intensity fluctuation.

Despite recent progress in indoor optical–wireless systems (Green et al. [2008]),
outdoor deployment of FSO systems has been hindered by their lack of carrier-
class availability in the presence of atmospheric variations. According to Nadeem et
al. (Nadeem et al. [2009]), optical attenuation can reach up to 120 dB/km in moder-
ate continental fog environments in winter months and 480 dB/km in dense maritime
fog environments in summer months. Such conditions reduce the availability of FSO
links dramatically. To mitigate the detrimental impact of weather effects, FSO links
can be backed up with RF links to achieve near carrier-class availability. Table 2.1
compares the availability of an FSO link, a 40 GHz RF link, and a hybrid FSO/RF
link based on measurements for dense fog, rain, and snow. The table clearly shows
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Table 2.1. Availability of FSO, RF, and hybrid FSO/RF systems (Nadeem et al. [2009]).

FSO RF Hybrid FSO/RF

Dense fog 0.51% 100% 100%
Rain 85.71% 14.29% 85.71%
Snow 39.49% 100% 100%

that using a combination of FSO primary link and RF backup link is a viable solution
to alleviate the impact of varying weather conditions and improve the link availabil-
ity significantly. Hybrid FSO/RF links combine the reliability of RF links with the high
capacity of optical–wireless links and are suited for both commercial and military appli-
cations (Nadeem et al. [2009], Stotts et al. [2009]).

2.2.3 Satellite

Beside the above discussed terrestrial networks, satellite networks offer an interest-
ing alternative for fixed wireless broadband access. Satellite communications networks
have been successfully deployed for decades (Campanella and Harrington [1984]). As
opposed to HFC networks, satellite networks provide consumers with the opportunity
to enjoy direct-to-home (DTH) digital television without requiring any wired distribu-
tion network infrastructure (Dulac and Godwin [2006]). Satellite networks may pro-
vide broadband access globally on the entire surface of the Earth or geographically
limited access to remote areas that don’t have any terrestrial network infrastructure.
Depending on their orbit, satellites may be classified into the following three major
categories:

• Geostationary orbit (GSO)
The majority of deployed communications satellites are GSO satellites. The circular
orbit altitude of a GSO satellite is 35 786 km above the equator and the satellite’s
movement is synchronized with the rotation of the Earth. The round-trip propagation
delay to and from a GSO satellite is in the range 250–280 ms. Three GSO satellites
are sufficient for global coverage.

• Medium Earth orbit (MEO)
MEO satellites move at a lower orbit than GSO satellites. MEO satellites can be as
close as 3000 km from the Earth’s surface and have a typical round-trip propagation
delay of 110–130 ms.

• Low Earth orbit (LEO)
LEO satellites travel at even smaller distances from the Earth’s surface than their
MEO counterparts. The round-trip propagation delay of an LEO satellite is 20–25
ms, which is comparable to that of terrestrial links.
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Compared with GSO satellites, MEO and LEO satellites require smaller antennas and
transmission power levels due to the fact that they are closer to the Earth. On the
downside, a large number of MEO/LEO satellites is needed to achieve global coverage.
Furthermore, users may need to be handed off from satellite to satellite as MEO/LEO
satellites move rapidly over the surface of the Earth. The most commonly used fre-
quency bands for satellite communications are the C band (4–8 GHz), Ku band (10–18
GHz), and Ka band (18–31 GHz) (Hu and Li [2001]).

According to Bem et al. [2000], satellite systems can act as broadband access or core
networks. Figure 2.8 depicts a satellite broadband access network, where the satellite
receives the signal from a user’s terminal and retransmits it to a gateway, which in turn
forwards the received signal to the service provider via a terrestrial core network. The
satellite acts as a simple repeater between the user’s terminal and the gateway. In a
satellite broadband access and core network, the signal received from the user’s termi-
nal is sent by the satellite across intersatellite links (ISLs) of a high-speed satellite core
network that runs in parallel to the terrestrial core network, as shown in Fig. 2.9. In
this case, satellites are equipped with onboard processing (OBP) systems for advanced
modulation, coding, switching, and routing operations in support of multimedia appli-
cations (Wittig [2000]). ISLs may be used to form satellite core networks that operate
at optical frequencies and offer data rates of >10 Gb/s. These optical satellite networks

Figure 2.8 Satellite broadband access network. After Bem et al. (2000). c©2000 IEEE.

Figure 2.9 Satellite broadband access and core network with intersatellite links (ISLs).
After Bem et al. (2000). c©2000 IEEE.



30 Legacy broadband technologies

may represent a cost-competitive alternative to undersea fiber systems and terrestrial
core networks. Optical satellite networks may serve as an alternate backbone to restore
global connectivity when natural or man-made disasters disconnect parts of terrestrial
access or core networks (Chan [2003]).

Satellite networks are inherently broadcasting systems, providing point-to-multipoint
communications in the downstream direction (from satellite to users). Accordingly,
they have been traditionally used for the unidirectional distribution of broadcast tele-
vision signals. Due to the development of return-channel technologies for satellite-
based multimedia communications, broadband satellite access systems for bidirectional
interactive multimedia Internet services have become possible, giving rise to so-called
broadband satellite access (BSA) systems (Le-Ngoc et al. [2003]). Typically, demand
assigned multiple access (DAMA) schemes are deployed in satellite communications
systems for dynamic capacity allocation. DAMA schemes make use of a request/grant
mechanism to set up and tear down circuits between a terminal and the satellite net-
work control station, which is usually ground based. The establishment of circuits via a
satellite is a two-way reservation process and implies twice the round-trip propagation
delay to and from the satellite, amounting to a total of up to 560 ms in the case of GSO
satellites. Clearly, DAMA schemes provide efficient dynamic capacity allocation for
nonbursty traffic with relatively long holding times, e.g., voice traffic. For bursty data
traffic and/or short messages, however, DAMA schemes suffer from a poor bandwidth
utilization and an unacceptable circuit set-up overhead. To mitigate the shortcomings of
DAMA, a number of different MAC protocols for satellite networks have been investi-
gated. Apart from static and dynamic contention-free multiple access schemes, various
contention-based MAC protocols have been proposed, including random access, hybrid
random access/reservation, and adaptive protocols (Peyravi [1999]).

2.3 Mobile wireless broadband technologies

2.3.1 GPRS

The global system for mobile communications (GSM) is a digital cellular technology
standardized by the European Telecommunications Standardization Institute (ETSI). It
operates in the typical cellular frequency bands of 850, 900, 1800, and 1900 MHz.
In phase 2+ of the GSM standardization, the data transmission service of cellular net-
works was improved significantly (Cai and Goodman [1997]). The two following time
division multiple access (TDMA) services were designed for data transmission services
over cellular networks: high-speed circuit-switched data service (HSCSD) and general
packet radio service (GPRS). While the dedicated circuit-switched channel of HSCSD
was suitable for delay-sensitive traffic (such as voice and video), packet-switched GPRS
was widely deployed due to its bandwidth and cost efficiency for bursty data traffic.
GPRS was aimed at sharing GSM cellular frequency bands on a dynamic and flexible
basis to provide both the packet data service of GPRS and the circuit-switched service
of GSM, such as voice and short message service (SMS). While GSM provides digital
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PLMN

Figure 2.10 GPRS network architecture. After Sarikaya (2000). c©2000 IEEE.

data interchange of only up to 9.6 kb/s when the cellular phone is used as a modem,
GPRS provides maximum data rates of 165.5 kb/s and 154 kb/s for downstream and
upstream directions, respectively (Sarikaya [2000]).

Figure 2.10 shows the GPRS network architecture. In this figure, a base station
controller (BSC) controls the base transceiver station (BTS). The BTS is equipped with
an antenna to provide service to the mobile stations in its radio coverage (cell). In GPRS
networks, multiple BTSs might be connected to a single BSC. A BSC and its connected
BTSs form a basic station system (BSS). In Fig. 2.10, the GSM public land mobile
network (PLMN) comprises the entire service area (including sets of cells) of a network
operator. The PLMN connects the mobile stations to the wired public switched tele-
phone network (PSTN). It consists of the mobile switching center (MSC), which mon-
itors and controls one or more BSC. The MSC performs the telephony switching and
authenticates the access of mobile stations to GSM circuit-switched services (Samjani
[2002]). The service profile of each mobile station and its last known location infor-
mation are stored in the home location register (HLR). The visiting location register
(VLR) registers new visiting mobile stations and temporarily stores their location infor-
mation. VLR and HLR are databases that are used to realize handovers between two
cells (Sarikaya [2000]).

When a mobile station is initially turned on it will be registered at the VLR. The MSC
checks the credit validity and service profile of the connected mobile station at the HLR.
Once the access of a mobile station is authenticated, the HLR keeps the location of the
mobile station. Typically, the BSC in a GPRS network decides to perform handover for
each mobile station depending on various parameters, such as signal strength. The han-
dover can be intra-BSS or inter-BSS, where the latter can be intra-MSC or inter-MSC.
Although the MSC/VLR must be involved in inter-BSS handovers, the BSC makes the
final decision of performing a handover since the MSC has no real-time information
about the connection status. For inter-MSC handover, the same procedure as in registra-
tion is carried out to transfer a connection to another MSC/VLR.
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To set up a call or data transmission, a mobile station sends a request to its associated
BTS. The BSC requests the MSC/VLR to find the destination mobile station. The MSC
checks the VLR data base and forwards the request to the HLR if it could not find the
requested mobile station. The HLR has a complete mobile network map, including the
last location of all mobile stations and their associated VLRs. It provides the required
information for routing and path selection.

In Fig. 2.10, the serving GPRS support node (SGSN) and gateway GPRS support
node (GGSN) perform routing and path selection for data packets of mobile stations and
Internet protocol (IP)-based packet data networks, respectively. The SGSN establishes
the logical link with mobile stations and authenticates their access to GPRS services.
While the SGSN is an interface between the BSS and GPRS network, the GGSN func-
tions as an interface between the SGSN and external packet data networks. The GGSN
applies the so-called GPRS tunneling protocol (GTP) to encapsulate and transmit pack-
ets. GTP adds some routing information to the packet. Note that GTP operates on top
of the transport and network layers. Various Ethernet- and asynchronous transfer mode
(ATM)-based protocols may be deployed in conjunction with GTP (Cai and Goodman
[1997]). It is worthwhile to mention that inter-PLMN traffic is transferred using private
IP addresses (either IPv4 or IPv6), while a roaming agreement installed between two
GPRS networks is used for intra-PLMN traffic (Bettstetter et al. [1999]).

To increase the service coverage and data rate in buildings, the integration of
GPRS and widely deployed wireless local area network (WLAN) was proposed
in (Chen and Chen [2007]). To simplify handovers, a centralized mobility management
node was introduced. In this heterogeneous wireless network, the mobility of end-users
is supported by using mobile IP (MIP), which was standardized in Internet Engineering
Task Force (IETF) RFC 3344 and RFC 3775 for IPv4 and IPv6, respectively.

2.3.2 EDGE

Enhanced data rates for GSM evolution (EDGE) was introduced by ETSI in 1997
to increase user bit rates and improve spectral efficiency. EDGE is designed in a
pay-as-you-grow way using the deployed infrastructure and frequency of GSM and
GPRS networks. More specifically, EDGE provides an evolutionary path from exist-
ing cellular network standards to third-generation services over the existing spectrum
bands (Furuskär et al. [1999]). Table 2.2 shows the cellular network technology evolu-
tion from 2000 to 2013. The table shows that EDGE is expected to play a key role in
future cellular networks.

In an EDGE cellular network, the GSM carrier signal is used for high bit rate
data transmissions. This backward compatibility of EDGE with legacy cellular sys-
tems renders EDGE technology a narrowband International Mobile Telecommunica-
tions (IMT) option, also known as IMT single-carrier (SC) (Callendar [2010]). The first
EDGE network was deployed by AT&T in 2003 and has been deployed widely during
the last decade.

As shown in Fig. 2.11, the EDGE standardization included two phases to provide
different services (Molkdar et al. [2002]): (i) enhanced general packet radio service
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Table 2.2. Number of mobile subscriptions (in thousands) in cellular network technology evolu-
tion (Callendar [2010]).

2G W-CDMA CDMA2000 EDGE Total

2000 800 000 0 0 0 800 000
2001 950 000 0 0 0 950 000
2002 1 050 000 0 50 000 0 1 100 000
2003 1 200 000 0 100 000 0 1 300 000
2004 1 600 000 0 200 000 0 1 800 000
2005 1 850 000 50 000 250 000 50 000 2 200 000
2006 2 200 000 100 000 300 000 100 000 2 700 000
2007 2 450 000 200 000 350 000 300 000 3 300 000
2008 2 150 000 350 000 500 000 800 000 3 800 000
2009 1 800 000 500 000 550 000 1 200 000 4 050 000
2010 1 550 000 600 000 550 000 1 500 000 4 200 000
2011 1 350 000 850 000 600 000 1 700 000 4 500 000
2012 1 350 000 1 000 000 550 000 1 800 000 4 700 000
2013 950 000 1 400 000 500 000 2 000 000 4 850 000

EDGE

Services

• GSM-basd (TDMA)
• Enhanced PHY layer
• Enhanced RLC/MAC functionality

Technology

Status
Network

configuration

• Phase I: EGPRS and ECSD
• Phase II: Real-time services over

packet networks

• EDGE classic (2.4 MHz)
• EDGE compact (0.6 MHz)

• Phase I: 1999
• Phase II: 2001/2002

Figure 2.11 High-level view of EDGE. After Molkdar et al. (2002). c©2002 IEEE.

(EGPRS) and enhanced circuit switched data (ECSD) to enhance packet-switched and
circuit-switched data services, respectively; and (i i) real-time services (such as video
telephony) over packet-based networks.

Various techniques were proposed to enhance the physical (PHY) and radio link
control (RLC)/medium access control (MAC) layers of an EDGE network, while pre-
serving the main fundamental physical characteristics of GSM and GPRS networks.
As illustrated in Fig. 2.11, the following two air interface configurations were pro-
posed to allow GSM operators to deploy EDGE with their already deployed equipment:
(i) EDGE classic applies 2.4 MHz channels, and (i i) EDGE compact applies 0.6 MHz
channels designed for countries without any GSM infrastructure or where spectrum is
scarce.
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Table 2.3. EDGE high-level specifications (Molkdar et al. [2002]).

Urban/Suburban
Indoor/Outdoor outdoor Rural outdoor

User data rate 48 48 18
(kb/s per time slot)

User data rate 384 384 384
(kb/s per carrier)

User speed up to 10 100 250
(km/h)

Radio condition Indoor and TU3 TU50 and HT100 RA250 (900 MHz)
RA130 (1800 MHz)

Table 2.3 summarizes the EDGE high-level specifications. In addition to the legacy
Gaussian minimum shift keying (GMSK) modulation technique of GSM, 8-ary phase
shift keying (8-PSK) modulation was introduced to improve the spectral efficiency of
EDGE. Incremental redundancy (IR) is a code combining the technique proposed in the
EDGE standard in order to provide hybrid automatic repeat request (ARQ). In EGPRS,
the number of coding schemes increases from four (defined in GPRS) to nine in order
to increase the bit rate per TDMA time slot. In the RLC/MAC layer of EDGE, reseg-
mentation was considered, where a given packet can be retransmitted using a different
coding scheme.

Recently, many research activities focus on improving the quality-of-service (QoS)
and quality-of-experience (QoE) for EDGE end-users. To improve the QoS perfor-
mance of EDGE and increase the network throughput up to 1 Mb/s, evolved EDGE was
introduced in 2006. In this technology, the downlink throughput is enhanced by means
of simultaneous transmissions over two separate carriers. Moreover, 16-quadrature
amplitude modulation (16-QAM) is used to increase the bit rate in both downstream
and upstream directions. Another major enhancement is achieved by reducing the trans-
mission time interval between mobile stations and their associated BTS, resulting in a
significantly reduced latency.

The evolved EDGE provides various enhancements in different layers:

• Spectrum efficiency/capacity: up to 50% in kb/s/MHz/cell for data and Erl/MHz/cell
for speech.

• Increase of peak data rates: up to 100% in both downstream and upstream
directions.

• Improved coverage: increased sensitivity for speech and data in downlink for up
to 3 dB.

• Improved service availability: up to 50% mean bit rate increase at cell edges for both
downlink and uplink.

• Reduced latency: call setup and initial access is performed within a round-trip time
(RTT) of less than 450 ms, while service is provided within an RTT of less than
100 ms.
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• Balanced performance improvement: downlink and uplink throughput improvement
under realistic network conditions in terms of bit rate, coverage, capacity, and
latency.

Applying the above-mentioned enhancements, evolved EDGE aims at providing
different services and supporting various applications: (i) interactive and best-effort
services such as web browsing, which benefit from the increased mean bit rate and
reduced latency; (i i) conversational services such as voice over Internet protocol (VoIP),
enhanced push to talk over cellular (PoC), and on line gaming services, which require
small latency with quick access; (i i i) video telephony service is supported using an
increased coverage for higher bit rates in both uplink and downlink; (iv) TV broadcast-
ing, which typically needs high bit rates, low latency, and robust coverage.

One important issue in the design of the evolved EDGE technology is the backward
compatibility with existing legacy frequency planning. This enables operators to deploy
the proposed enhancements of evolved EDGE in their existing networks while keeping
the same level of frequency protection, sensitivity, and interference. The compatibility
with legacy EGPRS mobile stations is another issue that can be achieved by allowing
the multiplexing of shared resources. One of the major compatibility objectives of the
evolved EDGE technology is to avoid any changes on the hardware of legacy EDGE
equipment such as BTS and BSC.

2.3.3 UMTS

The universal mobile telecommunications system (UMTS), also known as the third-
generation mobile communication system, was designed by ETSI to improve the QoS
support of mobile end-users. One of the important parameters in the design and stan-
dardization of UMTS was the market requirements gathered by the UMTS forum and
GSM memorandum of understanding (MoU) association (Samukic [1998]).

In 1999, the initial UMTS network was specified (3GPP [2010b]). Although UMTS
is based on the concepts of GSM and EDGE networks, it is important to note that
UMTS deployments require a new radio frequency allocation and major hardware mod-
ifications of service provider equipment, i.e., base stations (BSs). To support legacy
GSM and EDGE networks, UMTS mobile handsets are designed in a way that allows
seamless dual-mode operation. For different indoor, urban/suburban, and rural terrain
types, UMTS provides data rates of up to 2 Mb/s, 384 kb/s, and 144 kb/s, respec-
tively (Richardson [2000]).

Figure 2.12 shows the UMTS network architecture, where the mobile stations
are connected to the core network (CN) through a radio access network
(RAN) (Moustafa et al. [2002]). In this architecture, a gateway node (GWN) connects
the UMTS network to the Internet, PSTN, and legacy GSM mobile networks. As shown
in Fig. 2.12, an RAN is responsible for all radio frequency allocations and includes a
set of interconnected radio network systems (RNSs). In an RNS, the channel resources
of its attached BSs are managed and controlled by the radio network controller (RNC).
Moreover, the intercell handovers are also performed and controlled by the RNC.
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Table 2.4. UMTS traffic classes (Moustafa et al. [2002]).

Conventional Streaming Interactive Background

Feature Application VoIP Audio/Video Web browsing Email
Delay Strict and low Bounded Tolerable Unbounded
BER 10−3 10−5 10−8 10−8

Attribute Maximum Yes Yes Yes Yes
bit rate

Guaranteed Yes Yes No No
bit rate

Maximum Yes Yes No No
delay

Mobile
station

BSRNC

GWN

Internet

UMTS

RNC

Mobile
station

BS

BS

RAN

RNS

RNS

GWN

GWN

CNPSTN

Legacy
mobile
network

Figure 2.12 UMTS network architecture. After Moustafa et al. (2002). c©2002 IEEE.

One of the important challenging issues in UMTS networks is the QoS support for
various types of traffic. Figure 2.13 shows the radio resource management module of
BS nodes in the UMTS architecture (Jorguseski et al. [2001]). Connection admission
control is the initial operation performed for radio resource assignment. After the
session requests are accepted by the admission control module, they are classified
in different queues based on their priorities. Table 2.4 summarizes the fundamen-
tal features and attributes of the four traffic classes defined in the UMTS standard
(3GPP [2010b]).

In Fig. 2.13, the time, power, and rate schedulers are in charge of scheduling the
requests according to predefined scheduling algorithms. The resource estimator syn-
chronizes and controls all resource management modules based on measured interfer-
ence conditions, radio channel characteristics, current traffic loads in the BS, and QoS
requirements. More specifically, the resource estimator performs the following three
tasks:
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Figure 2.13 Radio resource allocation in UMTS network. After Jorguseski et al. (2001). c©2001
IEEE.

1. It applies the radio channel characteristics and session QoS requirements for optimal
power and rate allocation.

2. It uses the current BS load (status of queues), session traffic characteristics, and
session QoS requirements to control the time scheduler.

3. By monitoring all resource management modules, it assists the admission control
accepting or declining the incoming session requests.

During the last decade, various amendments have been released. The latest release
10 (3GPP [2010a]) studies the network performance improvement techniques and
smooth upgrades to fourth-generation mobile communication systems, also known as
long term evolution (LTE). This amendment studies different modifications ranging
from node architectures to management schemes, e.g., energy management.

Very recently, dual-mode handheld devices have been widely released to operate
with WLAN and UMTS networks either simultaneously or interchangeably. The han-
dover between WLAN and UMTS networks represents an interesting means to increase
the QoS level of the provided service. The vertical handover is an approach proposed
in (Liao and Chen [2008]), where a mobile station at different instants is associated with
the antennas of a suitable network. In this scheme, a mobile station initially connects to
a WLAN antenna due to its lower cost and higher bandwidth and attempts to connect to
a UMTS network if the received signal strength from the WLAN changes dramatically.
In the proposed technique, various challenging issues such as low handover latency are
addressed for a seamless vertical handover without any modifications of WLAN and
UMTS network equipment, whereby only edge router nodes of both networks should
be upgraded to support vertical handovers.

Another recently proposed research area is the design of several UMTS multi-
antenna systems with radiators to increase isolation and decrease envelope correla-
tion (Diallo et al. [2008]). Using the presented optimization techniques, the isolation
between the antennas is increased to enhance their efficiency. Moreover, the correlation
of the received signals is reduced, which is crucial to ensuring improved diversity and
MIMO performance.
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The UMTS standard attempts to simplify the deployment of video applications by
proposing various video services, such as multimedia broadcast/multicast and packet-
switched streaming services. In (Liu et al. [2009]), the possibility of transmitting
scalable video codec (SVC), the latest amendment of H.264/advanced video coding
(AVC), was examined. The simulation results show that the quality of video service
over UMTS networks is significantly improved by means of the considered SVC error
resilience tool.
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Fiber access networks have in general one of the following three architectures: (i) point-
to-point architecture, (i i) active star architecture, or (i i i) passive star architecture. In the
point-to-point architecture, each home or building is connected to the central office (CO)
via one or two dedicated fibers. This type of architecture provides improved privacy and
ease of service upgrade for individual subscribers, but requires a large number of fibers
and transceivers since network equipment is not shared among subscribers. As a conse-
quence, footprint and power consumption may become serious problems at the CO. This
shortcoming is avoided in star architectures, where a single feeder fiber runs from the
CO to a remote node, from which individual distribution fibers branch out to connect the
subscribers. The feeder fiber carries all the traffic of the attached subscribers and its cost
can be shared among them. In doing so, the number of required fibers and transceivers
at the CO can be reduced significantly. Depending on the nature of the remote node,
the star architecture may be either active or passive. In the active star architecture, the
remote node is an active device, e.g., Ethernet switch, and needs powering and main-
tenance. Conversely, in the passive star architecture, the active node is replaced with
a passive optical splitter/combiner. Using a completely passive splitter/combiner at the
remote node avoids the need for powering and maintenance and thereby helps reduce
the capital expenditures (CAPEX) and in particular operational expenditures (OPEX)
of fiber access networks (Koonen [2006]).

Fiber access networks have been envisioned for delivering broadband services for
over 30 years. However, per-subscriber costs of early point-to-point field trials were
far higher than existent alternative broadband solutions. Redesigning fiber access net-
works from a dedicated point-to-point architecture to a point-to-multipoint passive star
architecture made it possible to achieve the necessary cost savings for the wide deploy-
ment of so-called passive optical networks (PONs). Among others, PONs exhibit the
following highly desirable properties (Shumate [2008]):

• No need for active outside equipment and backup batteries.
• No ongoing utility costs associated with the power consumption of active devices.
• No issues of electromagnetic interference (EMI) or electromagnetic compatibility

(EMC).
• Reduced network failure rate and associated repair costs.
• No use of bandwidth-dependent technology and thus substantially increased options

for future upgrades.

Due to their completely passive nature, PONs incur lower CAPEX and OPEX and
also offer a higher reliability than active star architectures. Furthermore, PON outside
plants provide transparency against data rate, modulation format, and protocol as the
passive splitter/combiner is entirely agnostic to all three of them. This transparency,
apart from the huge bandwidth and low loss of optical fiber, is one of the most crucial
features that eased carriers into deploying PON-based fiber access networks, which are
instrumental in minimizing deployment costs while maximizing revenues from new
service offerings and can be flexibly upgraded as new technologies mature or new stan-
dards evolve (Effenberger et al. [2007]).
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PONs deploy a power splitter/combiner at the remote node to equally divide down-
stream light among its N distribution fibers and to combine upstream light arriving on
them, thereby experiencing a splitting and combining loss equal to 10 log N in the
downstream and upstream direction, respectively. Typically, upstream and downstream
transmissions are separated from each other by means of coarse wavelength division
multiplexing (CWDM), where downstream and upstream transmissions take place in
the 1.5 µm and 1.3 µm window of the optical fiber, respectively. It is important to note
that in power-splitting PONs the bandwidth on the common feeder fiber is shared in both
the upstream and downstream directions, giving rise to possible collisions of data pack-
ets since the passive splitter/combiner is unable to buffer data packets coming from and
going to the different distribution fibers. Clearly, there must be a mechanism in place to
allocate bandwidth either statically or dynamically in order to avoid collisions. In the
downstream direction, this can be easily done by deploying an appropriate multiplexing
technique at the CO, e.g., time division multiplexing (TDM). In the upstream direc-
tion, a PON represents a multipoint-to-point multi-access network, in which collisions
can be completely avoided by using a suitable medium access control (MAC) proto-
col. The following four main categories of MAC protocol have been investigated for
PONs (Koonen [2006]):

• Time division multiple access (TDMA)
In TDMA, upstream data packets are interleaved in a collision-free manner. This
approach requires synchronization of upstream transmissions and the use of burst-
mode transceivers at the CO and subscribers.

• Wavelength division multiple access (WDMA)
In a WDMA PON, each subscriber uses a separate wavelength channel to avoid
collisions without requiring any synchronization of upstream transmissions on
different wavelength channels.

• Subcarrier multiple access (SCMA)
With SCMA, the subscribers modulate their data packet streams on different elec-
trical frequencies, which subsequently modulate the light intensity of their optical
transmitters. The optical transmitters at the subscribers may operate at the same
nominal wavelength and no synchronization of the different electrical frequency
bands is needed.

• Optical code division multiple access (OCDMA)
In an OCDMA PON, each subscriber uses a specific optical code signature to dis-
tinguish its encoded packets from those of other subscribers. This approach does
not need any synchronization, but requires very high-speed signature sequences and
suffers from limited reach due to the increased impact of dispersion.

Of the aforementioned different categories, TDMA PONs have emerged as by far
the most important type of currently deployed fiber access networks worldwide, while
WDMA PONs are considered a promising candidate for next-generation PONs. Two
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Figure II.1 PON network elements. After Shumate (2008). c©2008 IEEE.

initiatives have led to the standardization of the two most important types of TDMA
PONs, known as Gigabit PON (GPON) and Ethernet PON (EPON). GPON emerged
from the full service access network (FSAN) alliance, while EPON is an outcome of
the Ethernet in the First Mile (EFM) initiative.

The nomenclature introduced by FSAN and shown in Fig. II.1 is now common for
most PONs (Shumate [2008]). The service provider’s interface to a PON is referred to
as optical line termination or optical line terminal (OLT). The OLT is located at the
CO together with other equipment such as switches, servers, and routers (dark boxes
in Fig. II.1), which connect the PON to the backbone network. In fiber-to-the-x (FTTx)
deployments such as fiber-to-the-cabinet (FTTCab) or fiber-to-the-curb (FTTC), where
fiber does not pave all the way to the subscriber, the remote unit is called an optical net-
work unit (ONU). The termination of the digital subscriber line (DSL) copper drop line
from the ONU to the premises is called the network termination equipment (NTE). In
the case of fiber-to-the-home (FTTH) or fiber-to-the-building (FTTB) networks, where
the fiber terminates at the premises, the active network unit at the subscriber is called an
optical network termination (ONT). The all-optical passive portion of the PON between
OLT and ONU/ONT is referred to as optical access network (OAN) or optical distribu-
tion network (ODN).

Typically, PONs have a tree topology with the OLT located at the root and
ONUs/ONTs attached to the leaf nodes of the tree. It is worthwhile to mention that
PONs offer some topological flexibility in that the splitter can be placed anywhere in
the OAN according to given deployment scenarios (Shumate [2008]). For instance, in
rural areas, the splitter may be placed far from the OLT close to a group of connected
homes in order to capitalize on the cost sharing of a longer feeder fiber in such a fiber-
lean PON configuration. Conversely, in urban areas with high population densities a
fiber-rich PON configuration may be preferable by locating the splitter at that OLT and
running short point-to-point distribution fibers to the nearby subscribers. Even though
such a fiber-rich configuration does not benefit from the cost sharing of a common feeder
fiber, there are other benefits that make this configuration attractive in urban areas with
generally short distances to the subscribers. Similar to the point-to-point architecture,
a fiber-rich PON configuration simplifies upgrades of individual subscribers. Unlike
point-to-point solutions, however, it requires only a single optical–electrical interface
at the OLT. Another interesting PON configuration can be realized by using multiple
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Figure II.2 PON configuration using multiple splitters. After Shumate (2008). c©2008 IEEE.

splitters instead of a single one, as shown in Fig. II.2. This configuration is very helpful
to better map splitters to the physical location of home clusters and thereby shorten the
length of required distribution fibers to individual homes.

GPON and EPON represent the state of the art of TDMA PONs and are successfully
deployed worldwide (Abrams et al. [2005]). In the remainder of this part, we elaborate
on GPON and EPON and explain them in technically greater detail in Chapter 3 and
Chapter 4, respectively. In Chapter 5, we describe recent progress and ongoing work on
the design of next-generation PONs, including the above-mentioned WDMA PON.
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The gigabit passive optical network (GPON) is an outcome of the full service access net-
work (FSAN) alliance and is specified in the ITU-T G.984.x series of recommendations,
which were finalized in February 2004. GPON extends the capabilities of its two pre-
decessors, asynchronous transfer mode (ATM) PON, also known as APON, and broad-
band PON (BPON). Compared with its predecessors, GPON provides larger splitting
ratios, higher up- and downstream data rates, longer reach, improved privacy and secu-
rity through the use of the Advanced Encryption Standard (AES) algorithm, and a new
GPON encapsulation method (GEM) to carry synchronous voice services and data
services such as Ethernet in a bandwidth-efficient manner (Shumate [2008]). These
extended capabilities of GPON are explained in greater detail in the following.

3.1 Architecture

Figure 3.1 shows the architecture of a GPON network (Effenberger et al. [2007]).
GPON deploys two different wavelength channels for upstream and downstream com-
munication. The upstream and downstream wavelength channels operate at 1310 nm
and 1490 nm, respectively. Several upstream and downstream data rates are specified
for GPON, with a maximum data rate of 1.244 Gb/s in the upstream direction and
2.488 Gb/s in the downstream direction. The reach of a GPON network can be as
high as 60 km, whereby the differential reach between optical network units (ONUs)
must not exceed 20 km. The ITU-T recommendations for GPON allow for a split-
ting ratio of up to 128. However, practical deployments typically accommodate smaller
numbers of ONUs (e.g., 1:64 or 1:32 splitting ratio) due to a limited optical budget
of 28 dB.

3.1.1 Video overlay

In addition to the aforementioned pair of upstream and downstream wavelength chan-
nels, GPON typically uses another wavelength to realize a video overlay for the distri-
bution of broadcast video signals. The additional video broadcast wavelength channel
is combined with the downstream wavelength channel by using a wavelength division
multiplexing (WDM) coupler in front of the optical line terminal (OLT), as shown in
Fig. 3.1. The video overlay utilizes subcarrier multiplexing (SCM) techniques and can
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Figure 3.1 GPON architecture. After Effenberger et al. (2007). c©2007 IEEE.

deliver either analog video (NTSC, PAL, or SECAM) or digital video (e.g., n-QAM or
n-VSB) (Shumate [2008]).

3.1.2 Protection

GPON, and PONs in general, may face network failures such as fiber cuts. Depending
on the location of the fiber cut, a single ONU, a subset of ONUs, or all ONUs may
be disconnected from the OLT, thus leaving the affected subscribers without service.
The following four types of protection were standardized in ITU-T recommendation
G.983.1 and may be used to improve the survivability of GPON against link and node
failures (Koonen [2006]):

• Type A
Type A protection provides limited protection of the feeder fiber only, whereby a
secondary fiber is deployed between the OLT and remote node. After detecting a
failure in the primary feeder fiber, optical switches at both ends of the feeder fiber
are tossed to switch traffic over to the secondary fiber. Note that re-ranging of the
ONUs has to be done after the switch-over is complete.

• Type B
Type B protection involves the duplication of not only the feeder fiber but also the
OLT. The backup OLT is on cold standby and is activated when the primary OLT
fails.

• Type C
This type of protection implies full GPON duplication, where two separate GPONs
are operated in parallel. That is, OLT, feeder fiber, and in addition, each ONU and
distribution fiber are duplicated. Unlike type B protection, all secondary devices are
hot-standby units, i.e., OLT, ONUs, and optical switches are active during normal
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network operation, thus allowing fast switch-over times within 50 ms from the
primary equipment to the secondary one.

• Type D
Similar to type C, type D protection backs up the OLT and all ONUs with secondary
units. Unlike type C, however, the feeder part and distribution part of GPON are
duplicated independently from each other and fast restoration times cannot be pro-
vided in type D protection.

For practical deployment, protection types B and C are the most attractive solu-
tions to provide an acceptable trade-off between achievable survivability and required
redundancy.

3.2 Wavelength allocation

The majority of GPON and other PON deployments use an additional downstream
wavelength channel for video distribution according to the wavelength allocation spec-
ified in the ITU-T recommendation G.983.3. Figure 3.2 depicts the wavelength alloca-
tion in G.983.3, consisting of the following three wavebands:

• Upstream band: The upstream band spans the wavelengths between 1260 nm and
1360 nm. It includes the single upstream wavelength channel, which is typically
centered at 1310 nm.

• Downstream band: The downstream band is limited from 1480 nm to 1500 nm and
comprises the single downstream wavelength channel centered at 1490 nm.

• Enhancement band: In addition to the upstream and downstream wavebands, ITU-
T G.983.3 specifies a so-called enhancement band from 1539 nm to 1565 nm, which
is compatible with readily available C-band optical amplifiers, e.g., erbium doped
fiber amplifier (EDFA).

The enhancement band can be used to enable additional services. In many deployed
GPON networks, the enhancement band is used to realize the above-mentioned video
overlay centered at 1550 nm, as shown in Fig. 3.2. The video overlay is broadcast from
the OLT to all subscribers. In doing so, there are two different downstream wavelength

Figure 3.2 ITU-T G.983.3 wavelength allocation.
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channels, one wavelength for video at 1550 nm and another wavelength at 1490 nm.
The latter might be used for voice and data traffic in order to provide triple-play service
offerings, i.e., voice, video, and data. Note that the video overlay requires each ONU
to be equipped with a coarse WDM (CWDM) demultiplexer that separates the two
downstream wavelengths and an additional receiver operating at 1550 nm.

Figure 3.2 also depicts the L-band, which lies above the enhancement band and covers
the wavelength range between 1570 nm and 1610 nm. The L-band contains several
wavelength channels that are reserved for future applications. An interesting application
for PONs is optical time domain reflectometry (OTDR), which may be run at 1600 nm.
OTDR enables testing and troubleshooting and is typically used to locate fiber breaks by
detecting the amount of backscattering. In GPON, OTDR can be used to detect a fiber
cut in the feeder network between central office and the optical splitter at the remote
node. However, OTDR is unable to locate fiber cuts in the distribution network since
the OTDR signal is broadcast on all distribution fiber links, whereby each of them may
be the source of backscattering.

3.3 GPON encapsulation method

GPON uses periodically recurring frames with a fixed duration of 125 µs for data trans-
fer in both downstream and upstream directions. This periodicity allows GPON to effi-
ciently carry control overhead in the header of each frame and provide quality-of-service
(QoS) to delay-sensitive traffic, e.g., voice. In the following, we describe the different
downstream and upstream frame formats in greater detail, followed by a description of
the GPON encapsulation method (GEM) (Hajduczenia et al. [2006]).

3.3.1 Frame formats

Each GPON downstream frame contains a physical control block downstream (PCBd)
as header and a payload. The PCBd is broadcast to all ONUs and contains the following
fields:

• Physical synchronization (4 bytes)
• Identification (4 bytes)
• Physical layer operation, administration, and management (13 bytes)
• Bit-interleaved parity (1 byte)
• Payload length (4 bytes)
• Bandwidth map (N × 8 bytes, where N denotes the number of served ONUs)

The bandwidth map field is used by the OLT to dynamically assign non-overlapping
(upstream) transmission windows to the ONU by specifying the start time and duration
of each ONU’s transmission window.

The payload of each GPON downstream frame consists of two sections. The first
section is N × 53 bytes long and carries fixed-size 53-byte ATM cells, one for each of
the N ONUs. The second section is used to transport time division multiplexing (TDM)
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traffic, e.g., voice, and variable-size data packets, e.g., IP or Ethernet packets, by means
of GEM. Note that a GPON network may operate in an ATM-only mode, IP/Ethernet-
only mode, or in a mixed mode.

In the upstream direction, each GPON frame contains the upstream transmissions of
one or more ONUs according to the schedule given in the aforementioned bandwidth
map. During its assigned upstream transmission window, a given ONU is allowed to
send backlogged data along with the following preceding control fields:

• Physical layer overhead (variable length with configurable preamble and delimiter)
• Physical layer operation, administration, and management (13 bytes)
• Power leveling sequence (120 bytes)
• Dynamic bandwidth report (variable length)

Note that the physical layer operation, administration, and management field, power
leveling sequence field, and dynamic bandwidth report field are optional and are used
only upon OLT request. The dynamic bandwidth report field is used by an ONU to report
its instantaneous bandwidth demands to the OLT. Its length depends on the number of
so-called traffic containers (T-CONTs) assigned to the ONU, which are explained in
more detail in Section 3.4.

3.3.2 GEM

The GPON encapsulation method (GEM) is a modified version of the ITU-T G.7041
generic framing procedure (GFM), which provides mapping mechanisms to trans-
port different packetized traffic formats over synchronous networks in a bandwidth-
efficient manner. GEM enables GPON networks to carry TDM traffic, e.g., voice,
and/or variable-size data packet traffic, e.g., Ethernet packets. An individual Ethernet
packet contains, apart from its payload, a number of additional control fields, namely,
medium access control destination address (MAC DA), MAC source address (MAC
SA), type/length, and frame check sequence (FCS). It is important to note that GEM
allows for the fragmentation of Ethernet packets in order to increase bandwidth utiliza-
tion. As a consequence, a client Ethernet packet may be split into fragments spanning
multiple GEM payload fields.

As shown in Fig. 3.3, the GEM payload field is preceded by the GEM header, which
contains the following fields (Koonen [2006], Hajduczenia et al. [2006]):

• Payload length indicator (PLI): contains the length of the payload following the
header.

• Port identifier (Port-ID): provides unique traffic identifiers for traffic multiplexing.
• Payload type indicator (PTI): defines the type of carried payload.
• Header error correction (HEC): protects the header against bit errors.

Note that the total length of the GEM header is only 5 bytes, which is considerably
smaller than the encapsulation overhead of Ethernet PON.



50 GPON

Figure 3.3 GPON encapsulation method (GEM). After Koonen (2006). c©2006 IEEE.

3.4 Bandwidth allocation

Apart from GEM, the GPON transmission convergence layer provides several con-
trol functions, including registration and ranging of ONUs, monitoring their status and
performance, forward error correction (FEC), encryption, and bandwidth allocation.
The transmission convergence layer uses GEM as a connection-oriented encapsula-
tion method. The virtual connection unit of a GPON network is called a GEM port.
GEM ports contain traffic flows to and from physical or logical ports of an ONU,
whereby each physical/logical port is uniquely identified by its port-ID (see Fig. 3.3).
GEM ports are bundled onto one or more T-CONTs. The OLT may assign a single
T-CONT or multiple T-CONTs to each ONU. In the latter case, a separate T-CONT
may be used for different traffic classes, thus allowing for service differentiation. To
facilitate dynamic bandwidth allocation (DBA) in GPON, ONUs may use the above-
mentioned dynamic bandwidth report field in the GPON upstream frame in order
to report their current bandwidth requirements (i.e., queue occupancies) to the OLT.
After receiving the bandwidth reports, the OLT informs the ONUs about their assigned
upstream transmission windows by using the aforementioned bandwidth map field in
the GPON downstream frame. The following two DBA methods are defined for GPON:
(i) status-reporting DBA, which is based on ONU reports using the dynamic bandwidth
report field, and (i i) traffic-monitoring DBA, where the OLT monitors the utilization of
assigned T-CONTs and adjusts them according to given traffic loads (Effenberger et al.
[2007]).

There has been some work on the design and performance evaluation of status-
reporting DBA algorithms with the objective to provide QoS support and service
differentiation in a bandwidth-efficient manner (Chang et al. [2006], Jiang et al.
[2006]). However, these efforts are negligible compared with the huge number and
variety of DBA algorithms proposed for Ethernet PON (EPON) networks, which are
described in the next chapter.
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Ethernet passive optical network (EPON) has gained a great amount of interest both
in industry and academia as a cost-effective solution for broadband access networks,
as illustrated by the formation of several forums and working groups, including the
EPON forum and the Ethernet in the First Mile (EFM) alliance. EPON carries data
encapsulated in Ethernet frames, which makes it easy to carry IP packets and eases the
interoperability with installed Ethernet local area networks (LANs). EPON represents
the convergence of low-cost Ethernet equipment [switches, network interface cards
(NICs)] and low-cost fiber architectures. Furthermore, given the fact that more than
90% of today’s data traffic originates from and terminates in Ethernet LANs, EPON
appears to be a natural candidate for future first-mile solutions.

The main standardization body behind EPON is the IEEE 802.3ah task force. This
task force developed the so-called multipoint control protocol (MPCP) which arbitrates
the channel access among central office (CO) and subscribers. MPCP is used for dynam-
ically assigning the upstream bandwidth (subscriber to service provider), which is the
key challenge in the access protocol design for EPON. Note that MPCP does not specify
any particular dynamic bandwidth allocation (DBA) algorithm. Instead, it is intended to
facilitate the implementation of DBA algorithms.

To understand the importance of dynamic bandwidth allocation in EPON, note that
the traffic on the individual links in the access network is quite bursty. This is in con-
trast to metropolitan area networks (MANs) or wide area networks (WANs), where the
bandwidth requirements are relatively smooth due to the aggregation of many traffic
sources. In an access network, each link represents a single or small set of subscribers
that has very bursty traffic conditions, due to a small number of ON/OFF traffic sources.
Because of this bursty nature the bandwidth requirements vary widely with time. There-
fore, the static allocation of bandwidth to individual subscribers (or sets of subscribers)
in an EPON is very inefficient. Employing a DBA algorithm that adapts to instanta-
neous bandwidth requirements is much more efficient by capitalizing on the benefits of
statistical multiplexing. Hence, dynamic bandwidth allocation is a critical feature for
EPON design (McGarry et al. [2004], Kramer [2005]).

In the following sections, we first describe the EPON architecture and highlight the
major operational functions of MPCP. We then provide an overview of state-of-the-art
DBA algorithms proposed for EPON. Finally, we briefly describe the salient features of
the recently approved IEEE standard 802.3av for 10G-EPON.
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Figure 4.1 EPON architecture.

4.1 Architecture

Typically, an EPON has a physical tree topology with the CO located at the root and
the subscribers connected to the leaf nodes of the tree, as illustrated in Fig. 4.1. At the
root of the tree is an optical line terminal (OLT) which is the service provider equip-
ment residing at the CO. The EPON connects the OLT to multiple optical network units
(ONUs) through a 1:N optical splitter/combiner. An ONU can serve a single residential
or business subscriber, or multiple subscribers. Each ONU buffers data received from
the attached subscriber(s). In general, the round-trip time (RTT) between OLT and each
ONU is different. For instance, in Fig. 4.1 the OLT is connected to five ONUs, each with
a different RTT. Due to the directional properties of the optical splitter/combiner the
OLT is able to broadcast data to all ONUs in the downstream direction. In the upstream
direction, however, ONUs cannot communicate directly with one another. Instead, each
ONU is able to send data only to the OLT. Thus, in the downstream direction an EPON
may be viewed as a point-to-multipoint network and in the upstream direction, an EPON
may be viewed as a multipoint-to-point network (Kramer et al. [2003]). Due to this fact,
the original Ethernet medium access control (MAC) protocol does not operate properly
since it relies on a broadcast medium. Instead, the MPCP protocol is deployed, as dis-
cussed in the next section.

An EPON deploys two different wavelength channels, one at 1.5 µm for down-
stream transmission and one at 1.3 µm for upstream transmissions. Each wavelength
channel provides a data rate of 1 Gb/s. In the upstream direction, all ONUs share the
upstream wavelength channel. To avoid collisions, several approaches can be used.
Wavelength division multiplexing (WDM) is currently considered cost prohibitive
since the OLT would require a tunable receiver or a receiver array to receive data
on multiple wavelength channels and each ONU would need to be equipped with a
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wavelength-specific transceiver. At present, time division multiplexing (TDM) is con-
sidered a more cost-effective solution. With TDM a single transceiver is required at the
OLT and there is just one type of ONU equipment (Kramer et al. [2001]). Note that this
does not prevent EPON from being upgraded to multiple wavelength channels (WDM)
in the future. Given the aforementioned different connectivity in upstream and down-
stream direction of EPON, the OLT appears to be the best suited node to arbitrate the
time sharing of the channel, as discussed next.

4.2 Multipoint control protocol

To increase the upstream bandwidth utilization, the OLT dynamically allocates a
variable time slot to each ONU based on the instantaneous bandwidth demands of
the ONUs best by means of polling (Zheng and Mouftah [2005]). To facilitate DBA
and arbitrating the upstream transmissions of multiple ONUs the so-called multipoint
control protocol (MPCP), specified in IEEE standard 802.3ah, is deployed in EPON.
Beside autodiscovery, registration, and ranging (RTT computation) operations for newly
added ONUs, MPCP provides the signaling infrastructure (control plane) for coordinat-
ing the data transmissions from the ONUs to the OLT.

As shown in Fig. 4.2, MPCP uses two types of messages to facilitate arbitration:
REPORT and GATE. Each ONU has a set of queues, possibly prioritized, holding
Ethernet frames ready for upstream transmission to the OLT. The REPORT message
is used by an ONU to report bandwidth requirements (typically in the form of queue
occupancies) to the OLT. A REPORT message can support the reporting of up to eight
queue occupancies of the corresponding ONU. Upon receiving a REPORT message, the
OLT passes it to the DBA algorithm module. The DBA module calculates the upstream
transmission schedule of all ONUs such that channel collisions are avoided. Scheduling

p

Figure 4.2 Operation of multipoint control protocol (MPCP). After McGarry et al. (2004).
c©2004 IEEE.



54 EPON

can be done in two ways: inter-ONU scheduling and intra-ONU scheduling. Inter-ONU
scheduling arbitrates the transmissions of different ONUs while intra-ONU schedul-
ing arbitrates the transmissions of different priority queues in each ONU. There are
two possible implementations. Either inter-ONU scheduling is implemented at the OLT
and each ONU performs its own intra-ONU scheduling or both inter-ONU schedul-
ing and intra-ONU scheduling are implemented at the OLT. After executing the DBA
algorithm, the OLT transmits GATE messages to issue transmission grants. Each GATE
message can support up to four transmission grants. Each transmission grant contains
the transmission start time and transmission length of the corresponding ONU. Each
ONU updates its local clock using the timestamp contained in each received transmis-
sion grant. Thus, each ONU is able to acquire and maintain global synchronization.
Each ONU sends backlogged Ethernet frames during its granted transmission window
according to the corresponding intra-ONU scheduling. The transmission window may
comprise multiple Ethernet frames; packet fragmentation is not allowed. As a conse-
quence, if the next frame does not fit into the current transmission window it has to be
deferred to the next granted transmission window.

Note that MPCP does not specify any particular DBA algorithm. MPCP simply
provides a framework for the implementation of various DBA algorithms, which are
described in greater detail next.

4.3 Dynamic bandwidth allocation (DBA)

According to McGarry et al. (2004), DBA algorithms for EPON can be classified into
algorithms with statistical multiplexing and algorithms with quality-of-service (QoS)
assurances. The latter are further subdivided into algorithms with absolute and relative
QoS assurances, as shown in Fig. 4.3. In the following, we discuss the DBA algorithms
of each class in greater detail. Finally, we briefly touch on decentralized DBA algo-
rithms that have been attracting some attention.

DBA for
EPON

assurances
Absolute

Statistical
multiplexing

assurances
Relative

assurances
QoS

Figure 4.3 Classification of dynamic bandwidth allocation (DBA) algorithms for EPON.
After McGarry et al. (2004). c©2004 IEEE.
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4.3.1 Statistical multiplexing methods

Interleaved polling with adaptive cycle time (IPACT)
In the interleaved polling with adaptive cycle time (IPACT) approach, the OLT polls
the ONUs individually and issues transmission grants to them in a round-robin fashion
(Kramer et al. [2002a]). The grant window size of each ONU’s first grant, G(1), is set
to some arbitrary value. After n cycles, the backlog (in bytes) in each ONU’s trans-
mission buffer, Q(n) (reported queue size), is piggybacked to the current data trans-
mission from the corresponding ONU to the OLT during its grant window G(n). The
backlog Q(n) is measured at the instant when the ONU generates the request message,
which is piggybacked to the data transmission in cycle n. This backlog Q(n) is used
to determine the grant window size of the next grant G(n + 1) of the ONU. In doing
so, bandwidth is dynamically assigned to ONUs according to their queue occupancies.
If a given ONU’s queue is empty, the OLT still grants a transmission window of zero
byte to that ONU such that the ONU is able to report its queue occupancy for the next
grant. IPACT deploys in-band signaling of bandwidth requests by using escape charac-
ters within Ethernet frames instead of sacrificing an entire Ethernet frame for control
(as in MPCP), resulting in a reduced signaling overhead. The OLT keeps track of the
round-trip times of all ONUs. As a result, the OLT can send out a grant to the next ONU
in order to achieve a very tight guard band between consecutive upstream transmissions,
resulting in an improved bandwidth utilization. The guard band between two consecu-
tive upstream transmissions is needed to compensate for round-trip time fluctuations
and to give the OLT enough time to adjust its receiver to the transmission power level
of the next ONU.

In IPACT, each ONU is served once per round-robin polling cycle. The cycle length
is not static but adapts to the instantaneous bandwidth requirements of the ONUs. By
using a maximum transmission window (MTW), ONUs with high traffic volumes are
prevented from monopolizing the bandwidth. The OLT allocates the upstream band-
width to ONUs in one of the following ways:

• Fixed service: This DBA algorithm ignores the requested window size and always
grants the MTW size. As a result, the cycle time is constant.

• Limited service: This DBA algorithm grants the requested number of bytes, but no
more than the MTW.

• Credit service: This DBA algorithm grants the requested window plus either a con-
stant credit or a credit that is proportional to the requested window.

• Elastic service: This DBA algorithm attempts to overcome the limitation of assign-
ing at most one fixed MTW to an ONU in a round. The maximum window granted
to an ONU is such that the accumulated size of the last N grants does not exceed
N MTWs, where N denotes the number of ONUs. Thus, if only one ONU is back-
logged, it may get a grant of up to N MTWs.

The simulation results reported in (Kramer et al. [2002a]) indicate that both the
average packet delays and the average queue lengths with the IPACT method with the
limited, credit, or elastic service DBA were almost two orders of magnitude smaller
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compared with the fixed service DBA (fixed service is a static bandwidth allocation)
under light traffic loads. Under heavy loads, the average packet delays and average
queue lengths for all four types of service were similar. Generally, limited, credit, and
elastic service DBA all provided very similar average packet delays and average queue
lengths.

In summary, IPACT improves the channel utilization efficiency by reducing the
overhead arising from walk times (propagation delay) in a polling system. This is
achieved by overlapping multiple polling requests in time. As opposed to static TDM
systems, IPACT allows for statistical multiplexing and dynamically allocates upstream
bandwidth according to the traffic demands of the ONUs within adaptive polling cycles.
Furthermore, IPACT deploys an efficient in-band signaling approach that avoids using
extra Ethernet frames for control. By using a maximum transmission window, through-
put fairness among the ONUs is achieved. On the downside, this original design for
IPACT does not support QoS assurances or service differentiation by means of reser-
vation or prioritization of bandwidth assignment. An IPACT extension to support
multiple service classes was developed in (Kramer et al. [2002b]), which we discuss
in Section 4.3.3.

Control theoretic extension of IPACT
In IPACT, the ONU requests (reports) the amount of backlogged traffic Q(n) as grant
for the next cycle. One drawback of this approach is that the request does not take into
consideration the amount of traffic arriving at the ONU between the generation of the
request message in cycle n and the arrival of the grant G(n + 1) for the next cycle at the
ONU. As a consequence, the traffic arriving after the generation of a request message
is only taken into consideration in the next request message and hence experiences
typically a queueing delay of one cycle in the ONU.

To overcome this queueing delay, a control theoretic extension to IPACT was pro-
posed in (Byun et al. [2003]). In this extension the amount of traffic arriving at the
ONU between two successive requests is estimated and this estimate is incorporated
into the grant to the ONU. More specifically, the estimation works as follows. Recall that
Q(n − 1) denotes the amount of backlogged traffic in the ONU at the instant when the
request of cycle n − 1, which is used by the OLT to calculate the grant G(n), is gener-
ated. Let A(n − 1) denote the amount of traffic arriving at the ONU between generating
the request for cycle n − 1 and receiving the grant for cycle n. With these definitions,
the difference between the grant for cycle n and the amount of traffic backlogged in the
ONU when the grant arrives is approximately D(n) = G(n) − [Q(n − 1) + A(n − 1)].
The OLT allocates bandwidth based on the size of the previous grant and the scaled ver-
sion of the difference reported by the ONUs. More specifically, the grant for cycle n + 1
is calculated as G(n + 1) = G(n) − α · D(n), where α is the gain factor. Using control
theoretic arguments it is shown in (Byun et al. [2003]) that for piecewise constant traffic
with infrequent jumps the system is asymptotically stable for 0 < α < 2.

Note that this refinement to IPACT essentially views the bandwidth assignment as an
automatic control system with the goal to keep the difference D(n) close to zero. A pro-
portional control is proposed for this system with the control gain α. The advantage of
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this control theoretic approach is that the grant size is typically closer to the size of the
backlog at the instant of receiving the grant at the ONU. This in turn results in shorter
queueing delays. On the downside, the control system may require careful tuning to
achieve a prompt response to changes in the traffic load without creating oscillations in
the system. This may be a challenging problem if the traffic load is highly variable.

4.3.2 Absolute QoS assurances

Bandwidth guaranteed polling
The bandwidth guaranteed polling (BGP) method proposed in (Ma et al. [2003]) divides
ONUs into the two disjoint sets of bandwidth guaranteed ONUs and best-effort
ONUs. Bandwidth guaranteed nodes are characterized by their service level agreement
(SLA) with the service provider. The SLA specifies the bandwidth this node is to be
guaranteed.

The total upstream bandwidth is divided into equivalent bandwidth units, whereby
the bandwidth unit is chosen such that the total upstream bandwidth in terms of the
bandwidth unit is larger than the number of ONUs. For instance, for a network with
64 ONUs and an upstream bandwidth of 1 Gbps, the equivalent bandwidth unit may
be chosen as 10 Mb/s, i.e., the total upstream bandwidth corresponds to 100 bandwidth
units. The OLT maintains two tables, one for bandwidth guaranteed ONUs (ONUs with
IDs 1 and 4 in the example in Fig. 4.4) and one for best-effort ONUs (ONUs with IDs
2, 3, and 5 in the example in Fig. 4.4). Each table entry (row) has two fields, namely
ONU ID and propagation delay from ONU to OLT. The table for bandwidth guaranteed
ONUs has as many rows (entries) as there are bandwidth units in the total upstream
bandwidth. In the above example, the bandwidth guaranteed ONU table has 100 rows.
The table for best-effort nodes is not fixed in size. Entries in the bandwidth guaranteed
ONU table are established for each bandwidth guaranteed ONU based on its SLA. If an
ONU requires more than one bandwidth unit, then these units are spread evenly through
the table as illustrated in Fig. 4.4 for ONU with ID 1, which is guaranteed a bandwidth
of two bandwidth units, i.e., 20 Mb/s in the example. Rows in the guaranteed bandwidth
ONU table that are not occupied can be dynamically assigned to best-effort nodes. The
OLT polls the best-effort ONUs during the rows that are not used by the bandwidth
guaranteed ONUs in the order they are listed in the best-effort table.

The OLT begins polling ONUs using the information in the two tables. The OLT polls
an ONU by sending a Grant message to grant a window of size G, which is initially
set to one bandwidth unit. The ONU decides based on the size of its output buffer if
it has enough data to fully utilize the granted transmission window. The ONU sends
a reply to the OLT with the amount of the window it intends to utilize B and then
transmits this amount of data. The OLT upon receiving a reply from an ONU, checks the
amount of the granted window the currently polled ONU intends to use. If B is zero, the
OLT immediately polls the next ONU in the table. (Note that this wastes the bandwidth
during the round-trip time to that next ONU, whereas the polling to the first ONU can
be interleaved with the preceding data transmission to avoid wasting bandwidth.) If B is
between zero and some threshold Greuse, whereby G − Greuse specifies the minimum
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Figure 4.4 Bandwidth guaranteed polling (BGP) tables. After McGarry et al. (2004). c©2004
IEEE.

portion of the bandwidth unit that can be effectively shared, the OLT polls the next
best-effort ONU ready for transmission and grants it a transmission window G − B.
Lastly, if B is larger than the threshold Greuse, the OLT will not poll the next ONU until
the current grant has passed.

The simulation results reported in (Ma et al. [2003]) indicate that for bandwidth guar-
anteed ONUs with four or more entries, the delays were an order of magnitude smaller
than with IPACT. However, for bandwidth guaranteed ONUs with only one entry as
well as non-bandwidth guaranteed ONUs, the delays were orders of magnitude larger
than with IPACT under light loads and almost an order of magnitude larger than with
IPACT under heavy loads. On the other hand, for bandwidth guaranteed ONUs with
four or more entries, the queue lengths were similar to IPACT for light loads and
were orders of magnitude shorter than with IPACT under heavy loads. However, for
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bandwidth guaranteed ONUs with only one entry as well as non-bandwidth guaranteed
ONUs the queue lengths were orders of magnitude larger than with IPACT under light
loads and similar to IPACT under heavy loads. It was also found that the throughput
with BGP tends to be lower than the throughput with IPACT, especially at heavy loads.

Overall, the advantage of the bandwidth guaranteed polling approach is that it ensures
that an ONU receives the bandwidth specified by its SLA and that the spacing between
transmission grants corresponding to SLAs has a fixed bound. The approach also allows
for the statistical multiplexing of traffic into unreserved bandwidth units as well as
unused portions of a guaranteed bandwidth unit (i.e., if an ONU does not have enough
traffic to use all the bandwidth specified in its SLA). One drawback of the table-driven
upstream transmission grants of fixed bandwidth units is that the upstream transmission
tends to become fragmented, with each fragment requiring a guard band, which tends
to reduce the throughput and bandwidth utilization.

Deterministic effective bandwidth
In (Zhang et al. [2003]), a system in which ONUs and OLT employ deterministic
effective bandwidth (DEB) admission control and resource allocation in conjunction
with generalized processor sharing (GPS) scheduling is developed. In this system, a
given ONU maintains several queues, typically one for each traffic source or each
class of traffic sources. A given queue is categorized as either a QoS queue or a
best-effort queue, depending on the requirements of the corresponding traffic source
(class). A given traffic source feeding into a QoS queue is characterized by leaky bucket
parameters. The leaky bucket parameters are traffic descriptors widely used in QoS net-
working and give the peak rate of the source, the maximum burst that the source can
send at the peak rate, as well as the long run average rate of the source. A source also
specifies the maximum delay it can tolerate. The leaky bucket traffic characterization
together with the delay limit of the source (class) are used to determine whether the
system can support the traffic in the QoS queues at all ONUs without violating delay
bounds (and also without dropping any traffic at a QoS queue) using techniques derived
from the general theory of deterministic effective bandwidth.

During the operation of the network, the OLT assigns grants to a given ONU based on
the aggregate effective bandwidth of the traffic of the QoS queues at the ONU. Roughly
speaking, a given ONU is assigned grants proportional to the ratio of the aggregate
effective bandwidth of the traffic of the ONU to the total aggregate effective bandwidth
of the traffic of all ONUs supported by the OLT. In turn, a given ONU uses the grants that
it receives to serve its QoS queues in proportion to the ratio of the effective bandwidth
of the traffic of a queue to the aggregate effective bandwidth of the traffic of the QoS
queues supported by the ONU. A given ONU uses the grants not utilized by QoS queues
to transmit from best-effort queues.

The advantage of the deterministic effective bandwidth approach is that individual
flows (or classes of flows) are provided with deterministic QoS guarantees, ensuring
lossless, bounded-delay service. In addition, best-effort traffic flows can utilize band-
width not needed by QoS traffic flows. One main drawback of the DEB approach is that
it requires increased complexity to conduct admission control and update proportions
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of effective bandwidths of ongoing flows. In particular, conducting admission control
and allocating grant resources may result in a significant overhead for short-lived traffic
flows (or classes of traffic).

4.3.3 Relative QoS assurances

DBA for multimedia
In dynamic bandwidth allocation for multimedia (Choi and Huh [2002]), traffic in each
ONU is placed into one of three priority queues (high, medium, or low). These prior-
ities are then used by the DBA algorithm to assign bandwidth. The sizes of the three
priority queues in each ONU are reported to the OLT. The OLT based on the priority
queue sizes issues grants separately for each of the priorities in each of the ONUs. In
particular, bandwidth is first handed out to the high-priority queues, satisfying all the
requests of the high-priority flows. The DBA algorithm then considers the requests from
the medium-priority flows. If it can satisfy all of the medium-priority requests with what
is left over from the high-priority requests it does so. Otherwise it divides the remain-
ing bandwidth between all medium-priority flows, where the fraction of the bandwidth
granted to each medium-priority flow is related to the fraction requested by each flow to
the total of all medium-priority requests. Finally, if there is any leftover bandwidth after
satisfying the high- and medium-priority requests, this leftover bandwidth is distributed
between the low-priority flows in a manner identical to the case where all the medium-
priority flows requests cannot be fully satisfied.

Note that in the DBA for multimedia approach, bandwidth is essentially allocated
using strict priority based on the requirements of each priority traffic class of the entire
PON (all the ONUs connected to a single OLT). One feature of this approach is that the
OLT controls the scheduling within the ONU. This comes at the expense of reporting
the occupancies of the individual priority queues and issuing multiple grants to each
ONU per cycle. Also, the OLT has the additional burden of deciding on the scheduling
among the queues in the ONU. Note that the strict priority scheduling based on the
traffic classes at the PON level may result in the starvation of ONUs that have only
low-priority traffic.

DBA for QoS
The DBA for QoS (Assi et al. [2003]) is a method of providing per-flow QoS in an
EPON using differentiated services. Within each ONU, priority packet queueing and
scheduling is employed per the differentiated services framework. This is similar to the
DBA for the multimedia approach, but recall that in the DBA for multimedia the priority
scheduling was performed at the PON level (all the ONUs connected to a single OLT).
In contrast, in DBA for QoS, the priority scheduling is performed at the ONU level.

Before we proceed to DBA for QoS (Assi et al. [2003]), we review the IPACT
extension to multiple service classes (Kramer et al. [2002b]), which may be viewed as a
precursor to DBA for QoS. In (Kramer et al. [2002b]), a simulation study is conducted
of supporting differentiated service to three classes of traffic with strict priority schedul-
ing inside the ONU. The authors noticed an interesting phenomenon that they dubbed
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“light-load penalty.” What they noticed was that under light loading, the lower priority
class experienced a significant average packet delay increase, and also the maximum
packet delays for the higher priorities exhibited similar behavior. This appears to be
caused by the fact that the queue reporting occurs at some time before the strict priority
scheduling is performed, thus allowing higher priority traffic arriving after the queue
reporting but before the transmission grant to preempt the lower priority traffic that
arrived before the queue reporting. It appears this problem is exacerbated under light
loading. The authors discuss two methods for dealing with the “light-load penalty.” The
first method involves scheduling the packets when the REPORT message is transmitted
and placing them in a second stage queue. This second stage queue is the queue that
will be emptied out first into the timeslot provided through a grant in a GATE mes-
sage. The second method involves predicting the number of high-priority packets arriv-
ing between the queue reporting and the grant window so that the grant window will
be large enough to accommodate the newly arriving high-priority packets. This second
method inherently lowers the delay experienced by higher priority traffic compared with
the two-stage queueing approach.

In DBA for QoS (Assi et al. [2003]), the authors incorporate a method similar to
the two-stage queueing approach mentioned above. Specifically, in the DBA for QoS
method the packet scheduler in the ONU employs priority scheduling only on the
packets that arrive before some trequest , which is the time at which the REPORT
message is sent to the OLT. This avoids the problem of having the ONU packet sched-
uler request bandwidth based on buffer occupancies at time trequest and then actually
schedule packets at time tgrant to fill the granted transmission window. If this mech-
anism is not employed, lower priority queues can be starved more severely because
higher priority traffic arriving between trequest and tgrant would tend to take away trans-
mission capacity from the lower priority queues. Note that this problem only arises with
strict priority scheduling, which schedules lower priority packets only when the higher
priority packet queues are empty. With weighted fair queueing (WFQ), which serves the
different priority queues in proportion to fixed weights, this problem would not arise.

In DBA for QoS, each ONU is assigned guaranteed bandwidth in proportion to its
SLA. More specifically, let Btotal denote the total upstream bandwidth. Let wi denote
the weighing factor for ONU i . The weighing factors are set in proportion to the SLA of
ONU i , such that the weighing factors of all ONUs supported by the OLT sum to one,
i.e.,

∑
i wi = 1. ONU i is then assigned the guaranteed bandwidth Bi = Btotal · wi .

Note that the sum of all the guaranteed bandwidths equals the total available band-
width. In other words, the total upstream bandwidth is divided up among the ONUs in
proportion to their SLAs.

For every transmission grant cycle, each of the ONUs requests bandwidth
corresponding to its total backlog. If the requested bandwidth is smaller than the guar-
anteed bandwidth, the difference, i.e., the excess bandwidth, is pooled together with the
excess bandwidth from all other lightly loaded ONUs (ONUs whose requested band-
width is less than their guaranteed bandwidth). This pooled excess bandwidth is then
distributed to each of the highly loaded ONUs (ONUs whose requested bandwidth is
larger than their guaranteed bandwidth) in a manner that weighs the excess assigned in
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proportion to the size of their request. Note that this proportional scheduling approach
is in contrast to the strict priority scheduling of DBA for multimedia, which does not
allocate any bandwidth to lower priority traffic classes until the bandwidth demands of
all higher priority traffic classes are met.

We note that DBA for QoS allows for the option of sending the individual priority
queue occupancies to the OLT via REPORT messages (a REPORT message supports
reporting queue sizes of up to eight queues) and having the OLT generate transmission
windows for each individual priority queue (the GATE message supports sending up to
four transmission grants). This option puts the priority scheduling that would otherwise
be handled by the ONU under the control of the OLT.

DBA for QoS (Assi et al. [2003]) also considers the option of reporting the queue size
using an estimator for the occupancy of the high-priority queue. The estimator makes
a one-step prediction of the traffic arriving at the high-priority queue between the time
of the report and the time of the grant. In particular, the amount of traffic arriving at the
high-priority queue between report and grant in a cycle n − 1 is used to estimate the
arrival in cycle n. The ONU then reports in cycle n the actual backlog at the time of
request plus the estimated new arrivals until the time of the grant.

The simulations reported in (Assi et al. [2003]) compare the average and maximum
delays for the proposed DBA for QoS scheme for the service classes best effort, assured
forwarding, and expedited forwarding with the delays achieved with a static bandwidth
allocation to the individual ONUs. It was found that the proposed DBA for the QoS
scheme achieves significantly smaller delays, especially at high loads. This is primarily
due to the statistical multiplexing between the different ONUs permitted by the DBA
for QoS. It was also found that the proposed DBA for QoS scheme is quite effective
in differentiating the delays for the different service classes, with the highest priority
expedited forwarding class achieving the smallest delays. The simulations in (Assi et al.
[2003]) also considered the average utilization of the upstream bandwidth and found
that the proposed DBA for QoS schemes achieve around 90% utilization compared with
around 50% with static bandwidth allocation.

4.3.4 Decentralized DBA algorithms

Note that all the above-mentioned DBA algorithms are centralized schemes. The OLT
acts as the central control unit by performing inter-ONU scheduling or both inter-ONU
and intra-ONU scheduling. Alternatively, decentralized DBA algorithms and distributed
scheduling were investigated in (Foh et al. [2004], Sherif et al. [2004]). To enable
distributed scheduling, however, the original EPON architecture has to be modified
such that each ONU’s upstream transmission is echoed at the splitter to all ONUs, each
equipped with an additional receiver to receive the echoed transmissions. In doing so,
all ONUs are able to monitor the transmission of every ONU and to arbitrate upstream
channel access in a distributed manner, similar to Ethernet LANs. Note that in such
alternate EPON solutions both inter-ONU and intra-ONU scheduling take place at the
ONUs without the participation of the OLT. The reported performance results show that
such decentralized EPONs and DBA algorithms are able to provide high bandwidth
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utilization. We refer the interested reader to (Foh et al. [2004], Sherif et al. [2004]) for
further details on decentralized DBA algorithms.

4.4 10G-EPON

To address the continuously increasing demand of high-speed data communication
in fiber access networks, the 10G-EPON has emerged as a promising candidate for
next-generation high data rate access systems by extending the EPON operation to ten-
fold data rates of 10 Gb/s (Tanaka et al. [2010]). The 10G-EPON standardization was
initiated by the IEEE 802.3 working group in March 2006. The IEEE 802.3av task force
was formed in July 2006 with the aim of developing the physical layer specification and
management parameters. In September 2009, the IEEE 802.3av standard was finalized
and the development of the specification was completed. 10G-EPON is expected to pro-
vide a tenfold capacity increase at the cost of three times the port price of the currently
established Ethernet hardware (Hajduczenia et al. [2008]).

The 10G-EPON standard provides symmetric 10 Gb/s downstream and upstream,
as well as asymmetric 10 Gb/s downstream and 1 Gb/s upstream data rates. In order
to provide backward compatibility with the existing and widely deployed EPON, the
OLT in a 10G-EPON is equipped with dual-rate receivers for receiving data from 1G-
and 10G-ONUs. Furthermore, the downstream transmission channels are separated for
sending downstream data and control traffic to 1G- and 10G-ONUs.

The IEEE 802.3av task force focused only on the physical layer, while maintaining
complete backward compatibility with 1 Gb/s EPON equipment. The MAC protocol of
EPON (MPCP) remains unchanged. Similar to EPON, the MAC protocol in 10G-EPON
operates on the basis of ONUs informing the OLT of their upstream bandwidth require-
ments, and the OLT scheduling and granting bandwidth to the ONUs to transmit their
upstream data.

One major difference between EPON and 10G-EPON is that the latter supports both
symmetric 10 Gb/s downstream and upstream, and asymmetric 10 Gb/s downstream and
1 Gb/s upstream data rates, while EPON provides only 1 Gb/s symmetric data rate. The
line coding for the 10G-EPON and EPON is also different. The 64B/66B line coding in
10G-EPON reduces the bit-to-baud overhead to 3%, compared with the 25% overhead
in EPON which is incurred by 8B/10B line encoding. The burst signal format of 10G-
EPON is similar to that of EPON, except that the receiver settling time of 10G-EPON
is twice that of EPON, i.e., 800 ns in 10G-EPON and 400 ns in EPON. The laser on/off
time and clock data recovery time of both EPON standards are the same (512 ns and
400 ns, respectively) (Tanaka et al. [2010]).

The wavebands utilized for upstream (US) and downstream (DS) transmissions of
conventional 1G-EPON and recently standardized 10G-EPON networks are illustrated
in Fig. 4.5 and Fig. 4.6, respectively. EPON allocates a 100 nm waveband centered at
1310 nm for upstream (US) transmission and a 20 nm window centered at 1490 nm for
downstream (DS) transmission. The downstream wavelength of 10G-EPON is allocated
in a window between 1575 and 1580 nm (with a typical value of 1577 nm), which is



64 EPON

1G-EPON (US)

1260 1360

1G-EPON (DS)

1480 1500

RF-Video

1550 1560 (nm)

Figure 4.5 Waveband allocation in EPON.

(nm)

10G-EPON (US)

1260 1280

10G-EPON (DS)

1575 1580

Figure 4.6 Waveband allocation in 10G-EPON.

outside of the analog RF video distribution band. Conversely, the upstream wavelength
of 10G-EPON is allocated in a 20 nm window centered at 1270 nm, which is completely
covered by a part of the EPON upstream waveband.

The backward compatibility requirement of the new and existing EPONs introduces
several technical challenges and difficulties on the specification work such as a
high power budget exceeding 30 dB for symmetric 10 Gb/s transmission, con-
flicts in wavelength allocation, and dual-rate burst-mode operation at the OLT
receiver (Hajduczenia et al. [2008]). Two main techniques are employed for achiev-
ing the coexistence of 10G-EPON with 1G-EPON (and analog RF video distribution)
systems: WDM overlay in the downstream direction and a dual-rate burst-mode receiver
in the upstream direction to support a dual-speed TDM. In the downstream direction,
since the wavelength bands are distinct, a WDM overlay is a straightforward way to
provide the coexistence with EPON. On the contrary, the upstream wavelength band of
10G-EPON is in fact a subset of the EPON waveband. Hence, a dual-rate burst-mode
operation is the only remaining option to retain the coexistence requirement by using
dual-speed TDM (Tanaka et al. [2010]). For this purpose, the OLT is equipped with a
dual-rate receiver. The received dual-rate signal can be separated at the OLT via either
an optical domain or an electrical domain split. The choice of which scheme to use is an
implementation matter. In general, the electrical domain split is considered more prac-
tical due to its simple configuration (Tanaka et al. [2010]). At the MAC layer, the OLT
provides three kinds of MAC instances for operating on symmetric and asymmetric data
rates; namely, the OLT supports 1/1 Gb/s, 10/1 Gb/s, and 10/10 Gb/s MAC instances.
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GPON and EPON, described at length above in Chapter 3 and Chapter 4, respectively,
represent the two most important Gigabit-class passive optical networks (PONs) that
are widely deployed in the United States, Europe, and Asia Pacific region. Given the
ever increasing bandwidth demand from consumer and business applications, current
PONs are expected to evolve into next-generation PONs (NG-PONs) over the next
couple of years. GPON and EPON are expected to coexist for the foreseeable future
as they evolve into NG-PONs. Clearly, one way to realize NG-PONs is to increase the
line rate of current Gigabit-class PONs to 10 Gb/s. A good example of this approach
is the IEEE 802.3av 10G-EPON standard, which was approved in September 2009 (see
Section 4.4). NG-PONs are mainly envisioned to (i) achieve higher performance param-
eters, e.g., higher bandwidth per subscriber, increased splitting ratio, and extended max-
imum reach, than current GPON/EPON architectures, and (i i) broaden GPON/EPON
functionalities to include, among others, the consolidation of optical access, metro, and
backhaul networks, and the support of topologies other than conventional tree struc-
tures. Network operators are seeking NG-PON solutions that can transparently coexist
with legacy PONs on the existing fiber infrastructure and enable gradual upgrades in
order to avoid costly and time-consuming network modifications and stay flexible for
further evolution paths.

According to Kani et al. (2009), NG-PON technologies can be divided into the fol-
lowing two categories:

• NG-PON1
This type of technology allows for an evolutionary growth of existent Gigabit-class
PONs and supports their coexistence on the same optical distribution network
(ODN). The coexistence is intended to let customers individually be upgraded
without incurring any service discontinuity for other customers.

• NG-PON2
This category of enabling technologies envisions a revolutionary upgrade of current
PONs, giving rise to disruptive NG-PONs without any coexistence requirements with
existent Gigabit-class PONs on the same ODN.

Figure 5.1 shows the migration from current state-of-the-art GPON and EPON to
near-term NG-PON1 and mid- to long-term NG-PON2 broadband access solutions
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(Kani et al. [2009]). NG-PON1 technologies include a number of performance-
enhancing options. One of the most promising NG-PON1 solutions is the so-called
XG-PON that provides 10 Gb/s upstream and/or downstream (the Roman numeral
X stands for ten). More precisely, an asymmetric XG-PON supporting 10 Gb/s
downstream and 2.5 Gb/s upstream is called an XG-PON1. Whereas a symmetric
XG-PON offering 10 Gb/s in both downstream and upstream directions is referred to
as an XG-PON2. Other interesting NG-PON1 technologies include the use of wave-
length division multiplexing (WDM) to realize an overlay of multiple XG-PONs
on the ODN or the deployment of reach extenders to enable long-reach PONs.
Note that in all possible NG-PON1 solutions the ODN is left untouched, keeping
the power splitter at the remote node in place. Several NG-PON1 candidates have
been proposed by the full service access network (FSAN) alliance, as discussed in
Section 5.1.

In the long term, NG-PON1 will be gradually replaced by NG-PON2 solutions
after resolving a number of issues related to the research and development (R&D)
of advanced optical network components and enabling technologies. NG-PON2 tech-
nologies include a wide variety of technical candidates, e.g., higher-rate time division
multiplexing (TDM), dense WDM (DWDM), code division multiplexing (CDM),
orthogonal frequency division multiplexing (OFDM), and others. We will describe some
of the most important NG-PON2 technologies in greater detail below in Section 5.2. It
is important to note that future NG-PON2 optical access networks may use a differ-
ent device at the remote node instead of a simple power splitter, even though for cost
reasons NG-PON1 and NG-PON2 solutions should have as much equipment as possible
in common (Kani et al. [2009]).
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Before elaborating on possible NG-PON1 and NG-PON2 candidate technologies in
the remainder of this chapter, let us briefly look at some of the key requirements they
have to meet (Kani et al. [2009]). To reduce the operational expenditures (OPEX) and
greenhouse gas emissions, NG-PONs should deploy power saving techniques. Toward
this end, XG-PONs should support at least the following two modes: (i) full-service
mode and (i i) sleep mode. In addition, a third mode should be considered that allows
ONUs to reduce their use of backup batteries during power outages in order to support
only the lifeline service carrying interface (e.g., voice service). Furthermore, as network
operators think of deploying NG-PON-based infrastructures such as 3G/4G backhaul,
the OLT and ONUs must be able to provide accurate synchronization to the mobile cell
sites. Finally, PON supervision techniques without significantly increasing the capital
expenditures (CAPEX) and compromising on the bandwidth for services are required
to be able to differentiate between faults in the ODN and faults in the electronics
connected to it.

5.1 NG-PON1

FSAN considers different candidate architectures for near-term NG-PON1 systems,
including XG-PON, long-reach XG-PON, and WDM XG-PON. In the following, we
briefly review the salient features of these candidate systems. For a more detailed
description of the involved technical challenges and coexistence issues in the time
or wavelength domain we refer the interested reader to (Effenberger et al. [2009a],
Zhang et al. [2009], Effenberger et al. [2009b]).

5.1.1 XG-PON

As we have seen above, XG-PONs offer data rates of up to 10 Gb/s and come in two
flavors: (i) asymmetric XG-PON1 and (i i) symmetric XG-PON2. One of the most
significant challenges of XG-PON is the realization of burst-mode transceivers that are
able to operate at higher data rates. Another important challenge is dispersion, which
becomes more of a concern at 10 Gb/s and may cause intersymbol interference (ISI).
To address these challenges, different ways have been studied to implement XG-PON.
One approach might be to divide the 10 Gb/s channel into four different wavelength
channels, each operating at 2.5 Gb/s.

5.1.2 Long-reach XG-PON

To extend the reach of XG-PON, the deployment of an advanced transmitter
and receiver with optical pre- and post-amplification might be required. By using
wavelength-controlled ONUs (e.g., cooled laser sources) the receiver sensitivity and
thus optical power budget is improved by multiple dB. However, the cost of wavelength-
controlled transmitters poses a challenge in cost-sensitive access networks. Alterna-
tively, optical amplifiers may be placed in the ODN to compensate for the increased
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propagation and splitting losses of long-reach PONs (Shea and Mitchell [2007]).
(Strictly speaking, long-reach PONs that use in-line optical amplifiers are not pas-
sive anymore; a more accurate term for such a PON would be active optical network
(AON), since optical amplifiers are active network elements that require their own power
supply.) Long-reach XG-PONs are able to displace costly electronics and simplify net-
work operation by combining access and metro networks into one.

5.1.3 WDM XG-PON

One promising approach to avoiding the higher cost of wavelength-controlled transmit-
ters is to combine multiple XG-PONs by means of a WDM multiplexer/demultiplexer
and use so-called colorless (i.e., wavelength-independent) ONUs. In the resultant
WDM XG-PON, each XG-PON runs on a different set of wavelength channels
and doesn’t interfere with other wavelength-multiplexed XG-PONs. Colorless ONUs
require either only a broadband light source or no light source at all, resulting in
decreased costs, simplified maintenance, and reduced stock inventory issues. Colorless
ONUs are not restricted to a specific wavelength channel. They are able to use
any of the available wavelength channels for upstream transmission and down-
stream reception. A promising approach toward realizing low-cost colorless ONUs
is the use of a reflective semiconductor optical amplifier (RSOA) at the ONU
for bidirectional transmission on any given wavelength channel. The RSOA per-
forms remote modulation, amplification, and reflection of an optical seed signal
sent by the OLT. The optical seed signal can be either a modulated signal car-
rying downstream data or an unmodulated empty carrier. In the former case, the
colorless ONU reuses the modulated carrier by means of remodulation techniques,
such as frequency shift keying (FSK) for downstream and on–off keying (OOK) for
upstream. The feasibility of RSOA-based WDM XG-PON using electronic equaliza-
tion and forward error correction (FEC) techniques was demonstrated in (Cho et al.
[2008]) for an optical reach of >20 km. A long-reach WDM XG-PON with an
extended length of 100 km and comprising 17 wavelength-multiplexed XG-PONs,
each with up to 256 ONUs, was experimentally investigated in (Talli and Townsend
[2006]).

5.2 NG-PON2

Recall from above that NG-PON2 systems are considered long-term broadband access
solutions that may capitalize on a wide variety of different enabling technologies and
may also replace the passive splitter at the remote node of conventional PONs with
another device. In the following, we highlight an NG-PON2 architecture that deploys a
wavelength-routing device at the remote node. In addition, we elaborate on optical code
division multiple access (OCDMA) and orthogonal frequency division multiple access
(OFDMA) PONs as possible NG-PON2 candidates.
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5.2.1 Wavelength-routing PON

A wavelength-routing PON can be realized by replacing the wavelength-broadcasting
power splitter with an arrayed-waveguide grating (AWG) (Koonen [2006]). The AWG
is a passive athermal (i.e., temperature-insensitive) device that acts as a wavelength
demultiplexer in the downstream direction and as a wavelength multiplexer in the
upstream direction. In an AWG-based WDM PON, each ONU is connected to the
OLT by one or more wavelength channels, which are separated from each other by
the periodicity of the AWG’s frequency response (also known as the free spectral
range (FSR) of the AWG). As a result, each wavelength forms a point-to-point (PtP)
connection between a given ONU and the OLT. Each wavelength per FSR is dedicated
to a different ONU. Hence, there is no need for any medium access control (MAC)
protocol in a wavelength-routing PON. On the downside, statistical multiplexing can-
not be applied in a wavelength-routing PON in order to improve the utilization of
wavelength channels. Wavelength-routing PONs offer a number of advantages. Among
others, service and capacity upgrades can be done for individual ONUs without affect-
ing the remaining ONUs. Wavelength-routing PONs provide improved privacy since
each wavelength channel is dedicated to a single ONU. Similarly to point-to-point archi-
tectures, wavelength-routing PONs offer the aforementioned benefits of point-to-point
connections. Unlike point-to-point architectures, however, wavelength-routing PONs
benefit from cost-sharing a common feeder fiber.

Wavelength-routing PONs can be realized for a few wavelengths using low-cost
coarse WDM (CWDM) or for a larger number of wavelengths using more expensive
DWDM technologies. Despite some issues related to the cost and temperature stability,
DWDM devices provide the following important advantages (Shumate [2008]):

• Capacity
Due to the fact that a wavelength-routing PON provides a dedicated wavelength
channel to each ONU, any data rate and modulation format can be used now or as a
later upgrade.

• Security
Using dedicated upstream and downstream wavelength channels helps eliminate
security issues and simplify network operation.

• Medium access
Another benefit of using dedicated wavelength channels is the fact that no MAC
protocol is needed.

• Power budget
While in conventional power-splitting PONs with N attached ONUs the splitting loss
equals 10 log N dB, the insertion loss of an AWG is only a few dB, thus increasing
the power budget by approximately 9–12 dB for 16–32 ONUs.

Many research activities have been carried out to minimize the cost of wavelength-
routing PON components and explore new architectures with improved cost-sharing
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and growth capabilities. For a recent survey on the latest developments of alternative
NG-PON2 architectures we refer the interested reader to (Maier [2009]).

5.2.2 OCDMA PON

OCDMA is viewed as a candidate technology for future PON access networks
(Fouli and Maier [2007]). An OCDMA PON uses a conventional tree topology with
a power splitter located at the remote node. Each ONU contains an encoder and decoder
with unique fixed codes. The OLT may contain all encoder–decoder pairs required for
communication with each ONU or a smaller number of tunable encoder–decoders.

Most OCDMA PON propositions suffer from a lack of transitional models that take
into account legacy systems. Usually, entire OCDMA networking systems are presented
as forklift upgrade alternatives. The main barriers to OCDMA PON deployment reside
in the physical layer. Many design issues must be demonstrated if OCDMA PONs are
to emerge. Beyond OCDMA transceiver operation, research must control noise source
and multiple access interference (MAI) to achieve acceptable bit error rate (BER) levels.
Most importantly, OCDMA transceivers at the OLT and ONUs must be manufactured
and deployed at acceptable costs.

An important step toward commercial viability might be the enabling of gradual
migration paths from wavelength and time division multiple access (WDMA/TDMA)
PONs to OCDMA PONs. A gradual migration path offers partial implementa-
tions that postpone some of the research elements required for full OCDMA PON
deployment. Figure 5.2 illustrates a possible migration scenario (Fouli and Maier
[2007]). The shaded ONUs and transceivers (TR) use OCDMA. The conventional
splitter–combiner at the remote node may be replaced with wavelength multiplexers
and waveband selectors (WS). WS devices are passive WDM multiplexers with lower
wavelength granularity and are typically used to separate data and signaling wavebands.

Figure 5.2 OCDMA PON architecture with coexisting legacy TDM and WDM ONUs.
After Fouli and Maier (2007). c©2007 IEEE.
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To maintain broadcast signals in the wavelength multiplexer configurations, the broad-
cast wavelengths (TDMA, OCDMA) must be separated from the point-to-point wave-
lengths (WDMA) so as to split their power among all users, whereby the WS devices
separate and merge the broadcast signals. Note that the PON configuration in Fig. 5.2
allows both TDM and WDM ONUs to remain untouched and coexist with the OCDMA
upgrade of individual ONUs, including the potential use of the legacy TDMA wave-
length channel for broadcast services.

An interesting approach to overcoming the aforementioned barriers of OCDMA
deployments is the use of optical coding (OC) technologies for control and/or
management plane functionalities rather than data transmission. OC is the process
by which a code is inscribed into and extracted from an optical signal. Although a
prerequisite for OCDMA, OC boasts a wide range of novel and promising applications.
An interesting example is the use of OC technologies for enhanced real-time band-
width allocation in PONs in order to improve their guaranteed quality-of-service (QoS)
performance (Fouli et al. [2009]).

5.2.3 OFDMA PON

Recently, the OFDMA PON has been proposed as a possible NG-PON2 technology
(Cvijetic et al. [2010]). An OFDMA PON may be viewed as a hybrid approach that
combines pure OFDMA with TDMA, whereby OFDM subcarriers can be dynami-
cally assigned to different services in different time slots. In doing so, OFDMA PON
provides an improved bandwidth flexibility. For downstream transmission of hetero-
geneous services, the OLT divides the frequency and time domain of an OFDMA
frame and informs all ONUs by broadcasting the established time-frequency schedule
over non-reserved OFDM subcarriers during pre-configured time slots. For reception
of downstream data and transmission of upstream data, each ONU selects its pre-
assigned subcarrier(s) according to the aforementioned time-frequency schedule. Note
that each ONU may be assigned a single or multiple subcarriers in a given time slot.
For cost-efficiency, it is desirable to deploy colorless ONUs rather than wavelength-
specific ones. In (Cvijetic et al. [2010]), a centralized light source OFDMA PON with
colorless ONUs was presented and it was experimentally shown that this architecture is
able to achieve 20 Gb/s upstream transmission on a single wavelength channel over a
20 km long ODN with a 1:32 optical split. With respect to downstream transmission in
an OFDMA PON, the highest data rate over a single wavelength channel was demon-
strated in (Qian et al. [2010]), achieving 108 Gb/s per wavelength using polarization
multiplexing and direct detection.
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6 WiFi

Wireless fidelity (WiFi) has been envisioned by the WiFi alliance as a single worldwide
adopted standard for high-speed wireless local area networking. The term WiFi denotes
wireless local area network (WLAN) technology based on IEEE 802.11 specifications.
In this chapter, we provide an overview of the salient features and most important
specifications of legacy and next-generation WLANs.

6.1 Legacy WLAN

WLANs based on IEEE 802.11 have become very popular in providing different data
services. Figure 6.1 shows the general WLAN architecture, where an access point (AP)
is connected to the Internet and/or other WLANs through a wired network infrastruc-
ture, referred to as the distribution system (DS). In this architecture, wireless stations
(STAs) communicate with their associated AP using the medium access control (MAC)
protocols defined in the IEEE 802.11 specifications.

Due to the use of unlicensed frequency bands (2.4 GHz with 14 distinct channels
and 5 MHz) in IEEE 802.11b/g with data rates of up to 11/54 Mbps, WiFi networks
have gained much attention (Kuran and Tugcu [2007]). During the last decade, various
standards and/or amendments have been approved or initiated to enhance IEEE 802.11
based WiFi technology. Table 6.1 summarizes the IEEE 802.11 WiFi standard family.

The initial IEEE 802.11 physical (PHY) layer includes: (i) frequency hopping spread
spectrum (FHSS), (i i) direct sequence spread spectrum (DSSS), and (i i i) infrared
(IR). IEEE 802.11b uses high-rate DSSS (HR-DSSS), while IEEE 802.11g deploys
orthogonal frequency division multiplexing (OFDM). The IEEE 802.11 MAC layer
deploys the distributed coordination function (DCF) as a default access technique. In
this contention-based scheme, STAs associated with the AP use their air interfaces for
sensing the channel availability. If the channel is idle, the source STA sends its data to
the destination STA through the associated AP. If more than one STA tries to access the
channel simultaneously a collision occurs.

The standard defines the carrier sense multiple access/collision avoidance
(CSMA/CA) access protocol to avoid collisions. In CSMA/CA, before initiating a trans-
mission, the source node stores generated frames in its buffers and senses the wireless
channel. The DCF protocol employs binary exponential backoff to access the medium.
DCF does not use any collision detection function as the nodes cannot detect collisions
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Table 6.1. IEEE 802.11 WiFi standard family (Kuran and Tugcu [2007]).

Standard/
Amendment Description

802.11 Up to 2 Mb/s, 2.4 GHz
802.11a Up to 54 Mb/s, 5 GHz
802.11ac Gigabit very high-throughput WLAN, lower than 6 GHz
802.11ad Gigabit very high-throughput WLAN, 60 GHz
802.11b Up to 11 Mb/s, 2.4 GHz
802.11d International roaming extension for 5 GHz band
802.11e QoS enhancements
802.11g Up to 54 Mb/s, 2.4 GHz
802.11h Spectrum managed 802.11a for satellite and radar compatibility
802.11i Security enhancements
802.11j Specific extensions for Japan
802.11k Radio resource measurement extensions
802.11n Up to 600 Mb/s high-throughput WLAN, 2.4 GHz
802.11p Wireless access for vehicular environment
802.11r Fast roaming between WLANs
802.11s Mesh topology support
802.11u Interworking between different WLANs
802.11v Wireless network management
802.11w Protected management frames
802.11y 3.65–3.7 GHz physical layer standard

DS

AP

STA STA

AP

STA STA

Internet

Figure 6.1 General WLAN architecture.

by listening to their own transmissions. Instead, it uses a handshaking method with
positive acknowledgment of successfully received frames. When the source node gen-
erates a new frame for transmission, it first monitors the channel activity. If the channel
is detected idle for a period of time called DCF interframe space (DIFS), the node can
transmit immediately. Note that the value of DIFS may vary depending on the deployed
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standard. For instance, it is set to 50 µs and 34 µs in IEEE 802.11b and IEEE 802.11a/g
standards, respectively.

If the channel is busy, the node will wait until the end of the transmission and a ran-
dom backoff interval is then selected. The backoff counter is decremented as long as the
channel is sensed idle, is stopped when channel activity is detected, and is reactivated
when the channel is sensed idle for more than a DIFS again. The period following an
idle DIFS is slotted and the backoff time counter is measured in terms of slot time. The
slot time is the time needed for any node to detect transmissions from the other nodes. It
accounts for the propagation delay, the time needed to switch from the receiving to the
transmitting state, and the time to notify the MAC layer about the state of the channel.
The backoff time is uniformly chosen in the range (0, CW − 1), where CW denotes the
current contention window. At the first transmission attempt, CW is set to the minimum
contention window CWmin . After each unsuccessful transmission, CW is doubled until
it reaches the maximum contention window CWmax . The node transmits its frame when
the backoff counter reaches zero.

It is important to note that DCF applies the automatic response request (ARQ) mech-
anism to enhance network reliability. Upon reception of a frame, the destination node
sends an acknowledgment (ACK) frame to the sender after a short interframe space
(SIFS). Similar to DIFS, the value of SIFS is specified in the respective standard. For
instance, SIFS is set to 10 µs and 16 µs in IEEE 802.11b and IEEE 802.11a/g, respec-
tively. If the source node does not receive the ACK within a specified Ack timeout or
it detects the transmission of a different frame on the channel, it reschedules the frame
transmission according to the previous backoff rules. Figure 6.2 illustrates how nodes
access the wireless medium using DCF.

The point coordination function (PCF) is another technique that may be used in
the MAC layer (Kuran and Tugcu [2007]). In PCF, the data transmission is arbi-
trated in two modes: (i) centralized mode, where the AP polls each STA in a round-
robin fashion, and (i i) contention-based mode, which works similarly to DCF, but
each channel access is controlled and monitored by the AP. In PCF, the AP has
a higher channel access priority than STAs by using a shorter interval than DIFS,
which is called PCF interframe space (PIFS). Note that a given STA is allowed
to send a data packet only after it is polled by the AP, whereby the size of the
data packet is restricted by the size of the WLAN MAC service data unit (MSDU),

Source node

Destination node

Other nodes

Ack

DIFS

DIFS

SIFS

Defer access Backoff

Data

Figure 6.2 Channel access in WLAN networks using DCF.
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Figure 6.3 RTS/CTS mechanism in WLAN networks using DCF.

which is equal to 2304 octets. Similar to DCF, PCF uses ARQ to increase network
reliability.

Furthermore, the request-to-send (RTS)/clear-to-send (CTS) mechanism may be
optionally applied to solve the hidden node problem. Note that the RTS/CTS mecha-
nism might be used for frame sizes exceeding a predefined threshold value. Specifically,
when a source node is ready for transmission, it performs the aforementioned backoff
technique and then transmits an RTS message to the destination node, while the destina-
tion node responds to that with a CTS message after waiting for an SIFS. The RTS and
CTS frames carry the information of the length of the frame to be transmitted, which is
used to update the network allocation vector (NAV) at other nodes. The NAV contains
the information about the period of time during which the channel will remain busy.
Hence, a node can defer its transmission by detecting either the RTS or CTS frame in
order to avoid collisions. When the sender receives the CTS frame, it will start the trans-
mission immediately for a period of time declared in the CTS frame. Figure 6.3 shows
the operation of the RTS/CTS mechanism in WLAN networks using DCF.

6.2 QoS in WLAN

While both DCF and PCF offer only best-effort service, the amendment IEEE 802.11e
is designed to provide quality-of-service (QoS) support for end-users. In IEEE 802.11e,
the hybrid coordination function (HCF) is used for providing parameterized (i.e.,
absolute) and prioritized (i.e., relative) QoS. HCF uses a contention-based channel
access method, referred to as enhanced distributed channel access (EDCA), that
operates concurrently with the polling-based HCF-controlled channel access (HCCA)
method (Ni [2005]). In both EDCA and HCCA, the so-called transmission opportunity
(TXOP) is the main new MAC enhancement of HCF. In EDCA, an STA and, in HCCA,
an AP generate the TXOP to allow a given STA to transmit a burst of data frames,
separated only by an SIFS from each other. More specifically, IEEE 802.11e divides
the channel access time into periodic intervals, called beacon intervals, where a bea-
con interval consists of the two following periods: (i) contention-free period (CFP) and
(i i) contention period (CP) (Ni [2005]). CFP is used in HCCA for polling the STAs by
the AP, while CP is considered in EDCA.
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Table 6.2. Traffic class mapping in EDCA.

User priority IEEE 802.1D designation AC IEEE 802.11e designation

1 Background AC[BK ] Background
2 — AC[BK ] Background
0 Best Effort AC[B E] Best Effort
3 Excellent Effort AC[B E] Best Effort
4 Controlled Load AC[V I ] Video
5 Video AC[V I ] Video
6 Voice AC[V O] Voice
7 Network Control AC[V O] Voice

The IEEE standard 802.11e does not specify any particular scheduling algorithm
and allows scheduling to be done in two ways: inter-STA scheduling and intra-STA
scheduling. Inter-STA scheduling arbitrates the transmissions of different STAs, while
intra-STA scheduling arbitrates the transmissions of different traffic classes in each
STA. There are two possible implementation methods. Either inter-STA scheduling
is implemented at the AP or TXOP holder, and each STA performs its own intra-
STA scheduling, or both inter-STA and intra-STA scheduling are implemented at
the AP or TXOP holder. During a TXOP, a single block acknowledgment request
(BAR) frame is transmitted at the end of each data transmission by the TXOP holding
STA. The receiving STA replies with a block acknowledgment (BA) frame to confirm
the frames that were correctly received. Moreover, IEEE 802.11e is able to provide
direct connections between STAs by using the so-called direct link protocol (DLP).
In a direct connection, the AP can monitor and control the involved STAs by send-
ing beacons periodically. In the following, we describe EDCA and HCCA in greater
detail.

6.2.1 EDCA

In IEEE 802.11e QoS-enabled WLANs, EDCA is designed to enhance the contention-
based DCF. EDCA deploys four different access categories (ACs), each associated with
a different channel access priority. The ACs are deployed using first-in first-out (FIFO)
queues, where each data packet is buffered based on its priority. Table 6.2 shows how
the eight traffic classes of IEEE 802.1D are mapped to the ACs of EDCA.

To provide relative QoS, each AC queue operates as a single DCF queue, while its
channel access parameters are set based on its buffered traffic priority. For instance,
for a given queue AC , the following parameters are defined and are broadcast by
the AP periodically in each beacon frame: CWmin[AC], CWmax [AC], AI F S[AC],
and T X O Plimit [AC]. In EDCA, DIFS is replaced by the arbitrary interframe space
(AIFS), which generates a random interframe space for access to the channel. The
AIFS of a given queue AC is set by AI F S[AC] = SI F S + AI F SN [AC] × tslot ,
where AI F SN [AC] is the AIFS number and is defined based on the priority of the
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Figure 6.4 Interframe space relationship in QoS-enabled WLAN. After IEEE P802.11e (2005).
c©2005 IEEE.

data packet considered for transmission. Note that tslot denotes the time slot of the
WLAN network, which is set to 20 µs and 9 µs in IEEE 802.11b and IEEE 802.11a/g,
respectively. Similar to DCF, the source node senses the idle medium for a time interval
of AI F S[AC] and calculates a random backoff time for each AC using CWmin[AC]
and CWmax [AC]. Note that a T X O Plimit [AC] is used to bound the transmission time
of each AC (Ni [2005]). Figure 6.4 shows the relationship between the different types of
interframe space for two access categories AC[i] and AC[ j] in a QoS-enabled WLAN.
In this figure, the source node senses the idle channel for its corresponding interframe
space interval. Then it selects the time slot and decrements its backoff counter as long
as the medium is idle. In Fig. 6.4, we consider AI F S[i] < AI F S[ j], which indicates
that AC[i] has higher priority to access the channel than AC[ j].

6.2.2 HCCA

HCCA is an extension of the contention-free PCF technique using the eight traffic
classes of IEEE 802.1D in order to provide absolute QoS. In HCCA, STAs report
their QoS requirements for each traffic class to the AP by means of traffic specification
(TSPEC) frames. A TSPEC frame describes the traffic characteristics and QoS require-
ments for a given traffic flow, also referred to as traffic stream (TS), including minimum
and maximum service interval, minimum data rate, and delay bound. A traffic identi-
fier (TID) is applied by the MAC layer of the end-users to enable the MAC entity to
distinguish MSDUs and support QoS differentiation via different service classes. There
are sixteen possible TID values, whereby eight identify traffic classes and eight identify
parameterized TSs.

In HCCA, the AP is allowed to transmit several contention-free bursts after sensing
the channel idle for a PIFS time interval. Note that in IEEE 802.11e, PIFS is defined to
be shorter than DIFS and AIFS. As a result, the AP has a higher priority than STAs to
access the channel.

In the IEEE standard 802.11e, a simple scheduling algorithm is recommended for AP,
where a TS is first established before any data transmission (IEEE P802.11e [2005]).
In this algorithm, each STA is allowed to request scheduling of up to eight TSs with
different priorities. To initiate a TS connection, the AP gathers the QoS bandwidth
request frames (i.e., TSPEC frames) and polls the STAs based on various criteria, e.g.,
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delay requirements of TSs. The AP schedules the STAs by computing the TXOP values
according to the QoS requests specified in their TSPEC frames.

6.3 HT WLAN

Applying OFDM and multiple input multiple output (MIMO) antennas in the PHY
layer of next-generation IEEE 802.11n WLANs provides various capabilities, such
as antenna diversity (selection) and spatial multiplexing. In addition, using multiple
antennas provides multipath capability, which increases both throughput and transmis-
sion range. The enhanced PHY layer applies two adaptive coding schemes: space time
block coding (STBC) and low density parity check coding (LDPC). IEEE 802.11n is
able to co-exist with IEEE 802.11 legacy standards, but in greenfield deployments of
next-generation high-throughput WLANs (HT WLANs) it is possible to increase the
channel bandwidth from 20 MHz to 40 MHz via channel bonding, resulting in signif-
icantly increased raw data rates of up to 600 Mb/s. Note that an IEEE 802.11n HT
WLAN provides QoS support for end-users by using the above discussed techniques
specified in IEEE 802.11e.

6.3.1 Frame aggregation

Due to the PHY and MAC enhancements of IEEE 802.11n, next-generation HT WLANs
offer a throughput of at least 100 Mb/s measured at the MAC service access point (SAP).
The major MAC enhancement of 802.11n is frame aggregation. As shown in Fig. 6.5,
the frame aggregation in HT WLANs comes in two flavors (Skordoulis et al. [2008]):

• A-MSDU: Aggregate MAC service data unit (A-MSDU) is used to join multiple
MSDU subframes (see Fig. 6.5(a)). Specifically, an STA packs multiple MSDUs with
possibly different destination addresses into one MAC protocol data unit (MPDU)
and sends it to the AP. An AP is allowed to pack multiple MSDUs into one MPDU,
whereby all constituent MSDU subframes must be destined to the same STA. In
either direction, all constituent MSDU subframes must have the same TID value
(i.e., same QoS level).

• A-MPDU: Aggregate MAC protocol data unit (A-MPDU) is used to join multiple
MPDU subframes (see Fig. 6.5(b)). Specifically, multiple MPDUs with the same
receiver address are packed into one PHY service data unit (PSDU). Aggregation
of multiple subframes with different TID values in one MPDU is allowed by using
multi-TID block acknowledgment (MTBA).

It is important to note that both A-MSDU and A-MPDU require only a single PHY
preamble and PHY header. In A-MSDU, the PSDU includes a single MAC header and
frame check sequence (FCS), as opposed to A-MPDU where each MPDU subframe
contains its own MAC header and FCS. Due to the resultant lower overhead, A-MSDU
is able to achieve a higher throughput than A-MPDU for error-free channels. For
error-prone channels, however, the throughput of A-MSDU decreases quickly, which
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Figure 6.5 Frame aggregation schemes in next-generation WLAN: (a) A-MSDU, and
(b) A-MPDU.

indicates the lower robustness of A-MSDU. Thus, adaptively using A-MSDU under
good channel conditions and A-MPDU under bad channel conditions yields better per-
formance (Lin and Wong [2006]).

Note that A-MPDU and A-MSDU can be used separately or jointly. It was shown
in (Skordoulis et al. [2008]) that joint two-level aggregation is able to achieve a higher
throughput efficiency. In this approach, the maximum size of A-MSDU is restricted
to 4095 octets. Finally, it is worthwhile to mention that fragmentation of MSDUs and
A-MSDUs with the same receiver address is allowed.

6.3.2 Reverse direction protocol

The IEEE standard 802.11n introduces the reverse direction (RD) protocol, which pro-
vides bidirectional TXOP connections for HT WLANs. Note that the RD protocol might
be deployed between an AP and an STA or between a pair of STAs (similar to the DLP
in IEEE 802.11e). More precisely, during an RD exchange sequence, the RD initiator
can transmit PHY protocol data units (PPDUs) and obtain response PPDUs from the
RD responder in a single TXOP. In the HT control field of an IEEE 802.11n PPDU, the
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RD grant (RDG)/More PPDU field is used to indicate the RD permission and the last
transferred PPDU. In EDCA, an RD responder must transmit the same type of AC data
frames as received, while in HCCA an RD responder is allowed to transmit data frames
of any TID.

6.3.3 Bandwidth efficiency techniques

In IEEE 802.11n, if a TXOP holding STA that gains access to the channel using EDCA,
runs out of frames it can transmit a contention-free end (CF-End) frame to truncate
the TXOP and thereby improve bandwidth efficiency. In HT greenfield deployments,
the bandwidth efficiency can be further improved by means of a reduced interframe
space (RIFS) (2 µs), which cuts down the dead time between frame transmissions. RIFS
may be used instead of SIFS to separate multiple transmissions from a single source
node. Note that RIFS cannot be applied for SIFS-separated response transmissions, e.g.,
between data and Ack frames.

In HCCA, the power save multi-poll (PSMP) is one of the new MAC layer fea-
tures of next-generation WLANs to improve their bandwidth efficiency. The AP sends a
PSMP frame in order to schedule the upstream and downstream transmissions of STAs,
referred to as uplink transmission time (UTT) and downlink transmission time (DTT),
respectively. In a PSMP frame, the PSMP-UTT and PSMP-DTT fields indicate the dura-
tion of the uplink and downlink streams dedicated to each STA. The PPDUs transmitted
between PSMP-UTT and PSMP-DTT are separated by an SIFS, whereby the PPDUs
transmitted within them are separated by an RIFS or an SIFS. The AP monitors all data
transmissions in the PSMP-UTT period and can transmit a PSMP recovery frame dur-
ing a PSMP-UTT, if it detects that the medium is idle and there is enough time in the
dedicated PSMP-UTT to transmit the PSMP recovery frame. A PSMP recovery frame
consists of a modified PSMP-UTT (and/or PSMP-DTT) for the currently scheduled
STA and PSMP-UTTs for other STAs that were originally scheduled after this PSMP-
UTT. Note that the AP should not modify the schedules of other STAs (IEEE P802.11n
[2009]).

Moreover, HT WLANs support a PSMP burst transmission mode. After transmit-
ting an initial PSMP sequence, additional PSMP sequences can be transmitted by
the AP in order to allow for a more efficient resource allocation and error recovery
(IEEE P802.11n [2009]). The PSMP burst consists of data and MTBA frames, where
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Figure 6.6 PSMP burst transmission in a HT WLAN. After IEEE P802.11n (2009). c©2009
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each data frame may include multiple packets with different TIDs aggregated through
A-MPDU. Figure 6.6 illustrates the PSMP burst transmission in an HT WLAN. In this
figure, each PSMP frame has a ‘More PSMP’ flag bit to indicate the status of the burst.
More specifically, the burst transmission remains active until the “More PSMP” bit of
the last PSMP sequence is set to 0 in order to denote the end of the burst.

6.4 VHT WLAN

In 2007, the IEEE 802.11 very high-throughput (VHT) WLAN study group was set
up to introduce next-generation Gigabit VHT WLANs (IEEE P802.11 VHT [2010]). In
2008, the VHT study group formed the two following VHT task groups: (i) VHTL6:
IEEE 802.11ac (IEEE P802.11ac VHT [2010]) to operate at a frequency band below 6
GHz, and (i i) VHT60: IEEE 802.11ad (IEEE P802.11ad VHT [2010]) to operate in the
60 GHz millimeter-wave (mm-wave) frequency band.

One of the major challenges of the IEEE 802.11ac task group is providing backward
compatibility with legacy IEEE 802.11a/b/g WLANs as well as HT WLANs operating
in the 2.4 GHz and 5 GHz frequency bands. On the other hand, the major challenging
issue of the IEEE 802.11ad task group is the deployment of the 60 GHz mm-wave
frequency band given its coverage limitations and huge energy consumption. Both
VHTL6 and VHT60 aim at supporting future bandwidth-hungry applications, e.g.,
high-definition (HD) video streaming (Jeon [2008], Grodzinsky and de Vegt [2008],
Imashioya et al. [2009]).

6.4.1 VHTL6

IEEE 802.11ac VHT benefits from the advanced technologies applied in IEEE 802.11n
HT WLANs, such as OFDM and MIMO antennas. Advanced modulation schemes play
a key role in increasing the bit rate of VHT WLANs. Specifically, 256-quadrature ampli-
tude modulation (QAM) is considered in VHT WLANs instead of the 64-QAM of HT
WLANs.

In VHT WLANs, it is possible to increase the channel bandwidth from 40 MHz of
HT WLANs to 80 MHz and 160 MHz via channel bonding, resulting in significantly
increased raw data rates of up to 1 Gb/s. Note that this bandwidth improvement results
in a reduced number of non-overlapping channels in the considered unlicensed fre-
quency band.

Another proposed technique in VHT WLANs is the deployment of multi-user MIMO
antennas, where multiple end-users receive data in parallel using their MIMO anten-
nas. This property mitigates the problem of the above-mentioned reduced number of
channels in VHT WLANs. Furthermore, multi-user MIMO antennas provide spatial
diversity, which increases network throughput significantly.

In (Imashioya et al. [2009], Syafei et al. [2009]), the performance of VHTL60
WLAN is evaluated for digital cinema transmission. The reported results demonstrate
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the feasibility of achieving 1.2 Gb/s throughput over a distance of 33 m by utilizing an
80 MHz channel in the 5 GHz frequency band.

6.4.2 VHT60

IEEE 802.11ad VHT makes use of the unlicensed 57–66 GHz frequency band, which
has the potential to provide multi-Gb/s wireless communications for VHT WLAN
end-users. Toward the deployment of a 60 GHz IEEE 802.11ad VHT WLAN various
MAC and PHY layer modifications are needed, including MAC layer modifications
for directional antennas, fast session transfer between PHY layers, beamforming, and
spatial reuse (Perahia et al. [2010]).

In a VHT60 WLAN, AP and STAs are equipped with 60 GHz and 2.4/5 GHz devices.
The IEEE 802.11ad task group addresses the two following operational requirements
of VHT60 WLAN networks (Perahia et al. [2010]): (i) backward compatibility with
legacy IEEE 802.11 WLAN infrastructure networks in terms of management plane,
e.g., association, authentication, and security; and (i i) fast session transfer between
PHY layers, which provides seamless rate fallback among VHT and IEEE 802.11n
multi-band end-users.

The MAC layer of a VHT60 network is based on EDCA and HCCA, whereby PSMP
is considered to improve the energy consumption of STAs (Nandagopalan et al. [2009]).
Note that the energy consumption is a critical issue in VHT60 WLAN networks due to
their transmissions in the 60 GHz frequency band.

6.4.3 VHT applications

Wireless sensor networks are becoming ubiquitous in our daily activities, e.g., secu-
rity surveillance and environmental monitoring. Wireless sensor networks allow for
their flexible and cost-efficient installation and maintenance, giving rise to a number
of interesting applications (Li [2009]). For instance, one of the most popular aeronau-
tic research topics is the avionic structural health monitoring system using HD video
sensor networks (Kuehl [1996], Lamberth et al. [2003], Jian et al. [2010]).

VHT60 with its huge bandwidth is a promising solution for wireless sensor networks
that require very high throughput operation for sensing, processing, transmitting, and
actuating functions (Jian et al. [2010]). Because of its flexible frequency reuse, superior
transmission capacity, and huge amount of available bandwidth, VHT60-based wireless
sensor networks can provide bit rates of up to 40 Gb/s for very high throughput sensing
and actuating applications (Chang et al. [2010]).
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Worldwide interoperability for microwave access (WiMAX) has been envisioned by
the WiMAX forum as a single worldwide adopted standard for high-speed wireless
metropolitan area networking. The term WiMAX denotes wireless metropolitan area
network (WMAN) technology based on IEEE 802.16 specifications. In this chapter, we
provide an overview of the salient features and most important specifications of legacy
and next-generation WMANs.

7.1 Fixed WiMAX

The initial IEEE 802.16 WiMAX standard was established in the frequency band
10–66 GHz, providing up to 75 Mb/s line-of-sight (LOS) connections for both point-to-
multipoint and mesh modes. Table 7.1 summarizes the IEEE 802.16 WiMAX standard
family.

7.1.1 PHY layer

IEEE 802.16a provides non-LOS connections in the frequency band of 2–11
GHz (licensed and unlicensed). The WiMAX physical (PHY) layer supports the
following four different modulation schemes: WirelessMAN-SC (single carrier),
WirelessMAN-SCa (single carrier access), WirelessMAN-OFDM (orthogonal
frequency division multiplexing), and WirelessMAN-OFDMA (orthogonal frequency
division multiple access). While WirelessMAN-SC has been designed for the frequency
band 10–66 GHz, the other modulation schemes can be used for the frequency band
2–11 GHz. Additionally, the WiMAX PHY layer transfers bidirectional data by means
of time division duplex (TDD) or frequency division duplex (FDD).

7.1.2 MAC layer

IEEE 802.16 is a connection-oriented standard, i.e., prior to transmitting data between
subscriber stations (SSs) and base station (BS) connections must be established. Each
connection is identified by a 16-bit connection identifier (CID). The WiMAX medium
access control (MAC) layer is responsible for assigning CIDs as well as allocating band-
width to SSs. It consists of the following three sublayers: (i) convergence sublayer (CS),
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Table 7.1. IEEE 802.16 WiMAX standard family.

Standard/Amendment Description

802.16 Up to 75 Mb/s, 10–66 GHz
802.16a Up to 75 Mb/s, 2–11 GHz
802.16d Fixed WiMAX, 2–11 GHz
802.16e Mobile WiMAX, up to 75 Mb/s, lower than 6 GHz
802.16f Management information base (MIB) enhancements
802.16g Management plane procedures and services
802.16h Coexistence mechanisms for unlicensed frequency bands
802.16i Mobile management information base
802.16j Multihop relay WiMAX
802.16k WiMAX bridging
802.16m Gigabit WiMAX
802.16n Reliability enhancements
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Figure 7.1 IEEE 802.16 WiMAX reference model. After Li et al. (2007). c©2007 IEEE.

whereby different higher-layer protocols are implemented in different CSs, e.g., ATM
CS and packet CS are used for ATM and Ethernet networks, respectively; (i i) common
part sublayer (CPS), which is responsible for bandwidth allocation and generating MAC
protocol data units (MPDUs); and (i i i) security sublayer (Kuran and Tugcu [2007]).
Figure 7.1 shows the IEEE 802.16 WiMAX reference model with the aforementioned
PHY layer and three MAC sublayers.

To access the channel, each SS must send an uplink bandwidth request (UL-request)
to the BS and the BS responds with an uplink bandwidth grant (UL-grant) subsequently.
The UL-grant services assign bandwidth based on the quality-of-service (QoS) param-
eters of that connection. Although bandwidth requests are per connection, the BS does
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not allow the entire uplink capacity to be granted to a single SS. When a UL-grant is
sent by the BS, the receiver SS cannot change or share the size of the granted bandwidth
(Cicconetti et al. [2006]). In IEEE 802.16, there are two modes of transmitting UL-
requests: (i) contention mode and (i i) contention-free mode (polling). In the contention
mode, SSs send their UL-requests during the contention period, whereby contention is
resolved by means of back off. In the contention-free mode, the BS polls each SS and
SSs reply by sending UL-requests. The downlink subframe structure of IEEE 802.16
WiMAX is shown in Fig. 7.2. In this figure, the downlink burst profiles are tagged
with downlink interval usage codes (DIUCs). Similarly, the uplink subframes consist
of uplink interval usage codes (UIUCs) to indicate uplink transmissions (Eklund et al.
[2002]).

The requested services of each SS are first registered during the initialization phase
and connections are established subsequently. If a given SS changes its services, addi-
tional connections can be established in the network. Each connection is associated
with a service flow (SF). An SF is defined based on available scheduling services and
includes a set of QoS parameters, an SF identifier (SFID), and a CID (Li et al. [2007]).
Generally, WiMAX applies three different types of SFs: (i) provisioned SFs, which
are represented by an SFID; (i i) admitted SFs, which show the admitted requests for
the available resources and/or SFs; and (i i i) active SFs, which exhibit the allocated
resources and/or SFs.

No specific scheduling algorithm is standardized to support different types of data
flows and QoS for fixed WiMAX SSs. However, IEEE 802.16d defines the following
four scheduling services to support different traffic classes:

1. Unsolicited grant service (UGS): provides fixed-size interval transmission oppor-
tunities without the need for requests or grants.

2. Real-time polling service (rtPS): allows the BS to offer periodic request opportu-
nities to a specific SS in order to indicate its required bandwidth.

3. Non-real-time polling service (nrtPS): provides fairness by means of allocat-
ing the contention and regular unicast request opportunities in the UL-request of
each SS. Unicast request opportunities are offered regularly in order to ensure
that the SS has a chance to request bandwidth even in a congested network
environment.

4. Best effort (BE): is based on contention and provides non-regular unicast request
opportunities.
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7.2 Mobile WiMAX

The IEEE standard 802.16e, also known as mobile WiMAX (Vaughan-Nichols [2008]),
offers scalability with regard to both radio access technology and network architec-
ture. While the spectrum allocation is applied as a radio access technology in mobile
WiMAX, its flexibility in network deployment provides various services. For instance,
it is able to provide wireless Internet and support seamless IP mobility for end-
users (Sim et al. [2009]). Based on this property of mobile WiMAX, the International
Telecommunication Union (ITU) adopted mobile WiMAX as one of the International
Mobile Telecommunications (IMT) technologies (Wang et al. [2008]). Multiple input
multiple output (MIMO) antenna techniques and flexible sub-channelization schemes
are deployed to provide high data rate connections (Li et al. [2007]).

Figure 7.3 shows the high-level MAC/PHY protocol structure specified in IEEE
802.16e mobile WiMAX (Etemad [2008]). Similar to the fixed WiMAX MAC layer, the
mobile WiMAX MAC layer consists of CS, CPS, and security sublayers. The modules
of the CPS sublayer are categorized into mobility control and resource management
as well as control and support for the wireless channels in the PHY layer. In Fig. 7.3,
the PHY control module handles PHY layer signaling mechanisms, i.e., ranging and
link adaptation (e.g., power control). The control signaling block is responsible for
generation and transmission of control messages such as resource allocation messages.
From another perspective, we may classify the modules of the MAC/PHY protocol into
control and data planes based on their functional domains (see Fig. 7.3). As shown in
the figure, the automatic response request (ARQ) mechanism can be used in the data
plane to enhance network reliability.

Physical (PHY) layer

Convergence sublayer (CS)

Packet classification, header
suppression/compression

Radio resource
management

Idle mode and
paging

Network discovery,
selection, and entry

Mobile
management

Connection
management

Sleep mode/
power saving

Multicast broadcast
service

Scheduling and
resource

multiplexing

Ranging Link adaption

Control
signalling

Fragmentation/packing

Encryption

MPDU formation

ARQ

Common part sublayer
(CPS)

PHY control

Control plane Data plane

Security managementSecurity sublayer

Figure 7.3 MAC/PHY protocol structure in mobile WiMAX. After Etemad (2008). c©2008
IEEE.



90 WiMAX

Table 7.2. QoS categories and specifications of IEEE 802.16e mobile WiMAX (Li et al. [2007]).

QoS category Applications QoS specifications

Unsolicited grant Voice over Maximum substained rate
service (UGS) Internet protocol Maximum latency tolerance

(VoIP) Jitter tolerance

Extended real-time VoIP with Minimum reserved rate
polling service activity detection Maximum substained rate
(ErtPS) Maximum latency tolerance

Jitter tolerance

Real-time polling Audio/Video Minimum reserved rate
service (rtPS) streaming Maximum substained rate

Maximum latency tolerance

Non-real-time polling File transfer Minimum reserved rate
service (nrtPS) protocol (FTP) Maximum substained rate

Best effort service (BE) Web browsing Maximum substained rate

7.2.1 QoS in mobile WiMAX

Similar to IEEE 802.16d fixed WiMAX, no specific scheduling algorithm is
standardized to support QoS for mobile WiMAX SSs. In addition to the four aforemen-
tioned scheduling services of fixed WiMAX, IEEE 802.16e mobile WiMAX defines
extended-real-time polling service (ErtPS), which is able to offer unsolicited unicast
grants, similarly to UGS, and to change the size of the bandwidth grant dynamically.
Table 7.2 shows the QoS categories and specifications of IEEE 802.16e mobile WiMAX
to support different traffic classes.

Both fixed and mobile WiMAX standards allow scheduling to be done in two
ways: inter-SS scheduling and intra-SS scheduling. Inter-SS scheduling arbitrates the
transmissions of different SSs, while intra-SS scheduling arbitrates the transmissions
of different traffic classes in each SS. In IEEE 802.16d and IEEE 802.16e, there are
two possible implementation methods. Either inter-SS scheduling is implemented at the
BS and each SS performs its own intra-SS scheduling, or both inter-SS and intra-SS
scheduling are implemented at the BS.

Recently, various scheduling algorithms were proposed to support QoS for mobile
SSs. In (So-In et al. [2009]), a survey of recently proposed schedulers for mobile
WiMAX is presented. Most of the proposed schedulers focus on the scheduling algo-
rithms of the BS. According to So-In et al. [2009], the scheduling techniques of mobile
WiMAX may be classified into channel-unaware and channel-aware schedulers:

• Channel-unaware schedulers: The channel-unaware schedulers do not consider
wireless channel conditions such as channel error ratio and signal power status in
their channel and bandwidth assignments. This type of scheduler is designed to
meet the QoS requirements of the five different scheduling services, e.g., in terms
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of throughput and delay. Typically, the channel-unaware scheduling can be done
intra-class and inter-class. Intra-class scheduling is used to allocate the resources
to the same traffic class. The round-robin (RR) scheduling algorithm family, includ-
ing weighted round-robin (WRR), is an example of intra-class scheduling. Inter-class
scheduling may be applied for various traffic types with different QoS requirements.
This type of scheduler can be viewed as a second-level hierarchical scheduling algo-
rithm, where the intra-class scheduling queues are scheduled based on their QoS
requirements. Priority queuing (PQ) is an example of inter-class schedulers where
the slot allocation of PQ is suitable for higher-priority queues.

• Channel-aware schedulers: Unlike channel-unaware schedulers that assume
error-free channel conditions, channel-aware schedulers take the wireless channel
conditions (e.g., attenuation and fading) into account in their scheduling and band-
width assignments. The mobility of SSs in IEEE 802.16e is a challenging issue
that has to be considered in channel-aware scheduling algorithms. For instance,
it is possible that an SS receives the UL-grants of the BS, but it is not able to
transmit during its scheduled uplink period due to high error rates. Channel-aware
scheduling algorithms may be classified into the four following classes: fairness,
QoS guarantee, system throughput maximization, and power optimization. The fair-
ness channel-aware scheduling algorithm is mostly applied for BE traffic, where fair
resource allocation is more important than network throughput. To minimize the end-
to-end delay and respect the predefined threshold delay value, the QoS guarantee
scheduling algorithm is used, especially for rtPS and nrtPS traffic. In the system
throughput maximization scheduling algorithm, the scheduler maximizes the total
network throughput by allocating a minimum number of resources (i.e., time slots).
The power optimization channel-aware scheduling algorithm attempts to optimize
the throughput and power consumption of the network.

7.2.2 Mobile WiMAX handover

One of the important challenges of a mobile WiMAX network is the fast and seam-
less handovers of mobile SSs. Although IEEE 802.16e standard defines the MAC
layer handover management framework, a more detailed study has recently started
to develop the upper layers (Ray et al. [2010]). The proposed MAC layer han-
dover management framework provides various flexibilities in initiating and optimiz-
ing handovers. It supports different handover activities such as intra- and inter-cell
handovers.

In the IEEE 802.16e mobility structure, the three following link layer handover
mechanisms are proposed: (i) hard handover (HHO), (i i) macro-diversity handover
(MDHO), and (i i i) fast base station switching (FBSS). In the mobile WiMAX standard,
HHO is considered as the default handover mechanism. HHO is a break-before-make
(BBM) technique, where the SS should be disconnected before connecting to the next
BS with a possible service interrupt. MDHO and FBSS apply the make-before-break
(MBB) approach, also known as soft handover, where a given SS communicates with
multiple BSs simultaneously. Similar to most of the WMAN technologies, in mobile
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WiMAX a handover is initiated based on the received signal strengths at the BS or
mobile SS. Note that both BS and SS may schedule the handover initiation jointly
(Ray et al. [2010]).

Figure 7.4 shows the HHO and MDHO procedures proposed in the IEEE 802.16e
mobile WiMAX standard (Ray et al. [2010]). In the network topology acquisition phase
of HHO, the serving BS prepares a list of neighboring BSs (NBSs) using the WiMAX
backbone router. In this phase, the serving BS periodically broadcasts the status
information of its in-range NBSs. The SS scans the received list of NBSs and transmits
a scanning interval allocation request (SCN-REQ) to its serving BS. The BS negotiates
with the potential target BS and transmits a scanning interval allocation response
(SCN-RSP) to the SS. For synchronization and ranging between the PHY layers of
the SS and target BS, the SS transmits a ranging request (RNG-REQ) message to the
target BS, which in turn responds by sending a ranging response (RNG-RSP) message.
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In the handover phase of HHO, the SS transmits a mobile handover indication (MOB
HO-IND) message to inform the serving BS about the handover status. Subsequently,
the SS terminates its connection with the serving BS and starts the synchronization and
ranging process to resume downlink/uplink retransmissions with the target BS. Note
that the actual handover phase of HHO consists of the authorization and registration
phases, which can be a time-consuming process.

In the soft-handover techniques (i.e., MDHO and FBSS), a diversity set (DS) and
anchor BS (ABS) are defined to perform the fast and seamless handover. As shown in
Fig. 7.4(b), each SS has a DS area, which indicates the set of BSs in the range of SS
that is involved in the handover process. The BSs are selected based on their signal
strengths, while the BS with the most powerful signal strength is called an ABS. In
MDHO, the SS simultaneously communicates with all the BSs of its DS. As shown in
the figure, the SS continuously monitors the signal strengths of its NBSs for efficient
updating of its DS and ABS. The handover occurs once the status of the BSs in the
DS of the SS is changed or an NBS is added to the DS area. In the FBSS mechanism,
the SS communicates only with the ABS. However, it continuously monitors the signal
strengths of the NBSs and the other BSs of its DS (Ray et al. [2010]).

The mobile WiMAX HHO is simpler and more cost-efficient than the soft-handover
schemes. However, it is not a good approach for voice applications (e.g., VoIP) due to
its communication interruptions, which result in an increased packet loss. Instead, by
using MDHO and FBSS schemes the mobile SS experiences a very low packet loss
(less than 1%) and handover latency (less than 50 ms) for high-speed activities (up to
120 km/h) (Ray et al. [2010]). These handover techniques support high-speed real-time
VoIP applications by deploying a large number of BSs at the expense of significantly
increased deployment costs.

7.3 Next-generation WiMAX

7.3.1 Multihop relay WiMAX

To extend the coverage of WMAN networks, one option might be to increase the cell
size by using powerful antennas. This approach cannot provide fair service to end-users
since the SSs closer to the BS receive a stronger signal and better service than SSs
further away from the BS. Another approach might be to increase the number of wired
BSs, which is costly since for each BS a wired cable has to be deployed. Conversely,
multihop relaying is a promising approach for WMANs to extend network coverage in
a cost-efficient manner.

Some studies have been carried out to show the feasibility of deploying multihop
relay WiMAX networks, e.g., (Lu et al. [2008]). In 2009, the IEEE 802.16j amendment
was approved by the IEEE standards board in order to add multihop relay capabilities
to single-hop IEEE 802.16e mobile WiMAX.

An important challenge of IEEE 802.16j is compatibility with point-to-multipoint
OFDMA-based IEEE 802.16e networks and SS equipment (Peters and Heath [2009]).
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In a multihop relay WiMAX network architecture, SSs communicate with the BS
through the relay stations (RSs). To deploy multihop relay WiMAX, IEEE 802.16j
proposes various modifications in the PHY and MAC layers of IEEE 802.16e BSs
(Peters and Heath [2009]). To accommodate the relay capability, each uplink/downlink
subframe is split into an access zone and a relay zone. While an RS uses the access
zone to communicate with the SSs, the relay zone is used to communicate with another
RS or BS. In addition to legacy single-channel transmissions of BS/RSs, multi-channel
transmission is proposed to increase network throughput. Moreover, the IEEE stan-
dard 802.16j provides path diversity by means of cooperative relaying between RSs.
The following three mechanisms are proposed to implement cooperative path diver-
sity (Peters and Heath [2009]): (i) cooperative source diversity, where an RS transmits
identical signals in both time and frequency domains, (i i) cooperative transmit diver-
sity, where transmissions are done using space-time codes, and (i i i) cooperative hybrid
diversity, which applies space-time codes to transmit across a subset of RSs and coop-
erative source diversity is used among SSs.

In the MAC layer design of multihop relay WiMAX networks, some functions are
dedicated to the RSs in order to deploy a distributed scheduling algorithm for their local
traffic among SSs and a centralized scheduling algorithm for relaying traffic. Recently,
various centralized and distributed scheduling algorithms have been proposed for mul-
tihop relay WiMAX networks. For instance, a joint routing–scheduling algorithm for
TDMA-based IEEE 802.16j multihop relay WiMAX was proposed in (Hong and Pang
[2009]), where both interference-aware routing and link scheduling are considered to
maximize network throughput. The reported results demonstrate that applying a joint
routing and scheduling algorithm outperforms disjoint routing and/or scheduling algo-
rithms in terms of network throughput.

In an IEEE 802.16j-based multihop relay WiMAX network, each RS defines and uses
two CIDs: a local CID and a relay CID. It is important to note that the RS is responsible
for assigning the relay CIDs and must avoid relay CID duplications. IEEE 802.16j intro-
duces a new MAC protocol, called relay-MAC (R-MAC), to deploy connection tunnel-
ing between RSs and BS (Peters and Heath [2009]). In R-MAC, each tunnel connection
is identified by a tunnel CID (T-CID) between an RS and BS to carry the MPDUs of
multiple SSs’ connections. Moreover, the control and management packets are carried
through the management tunnel connections. Note that in each T-CID the connections
must have the same traffic class.

In addition to scheduling and resource management, the placement of BS and
RSs plays a key role in the performance of the network. A relay-centric hierarchical
optimization model for joint radio resource management and network planning of a
multihop relay WiMAX network was proposed in (Niyato et al. [2009]). Based on the
location of the BS and RSs, the model optimizes the amount of reserved bandwidth on
each wireless relay link and performs admission control for each SS with the objective
of maximizing the utility of RSs. The numerical results show that the proposed joint
model outperforms static radio resource management schemes.

In the case where the location of the BS and RSs are fixed and known to mobile SSs,
an optimal RS selection scheme for vehicular SSs was presented in (Ge et al. [2010]).
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The proposed selection scheme is designed to maximize end-to-end network capacity by
using nonlinear optimization techniques. The numerical results show that the proposed
approach is able to increase the end-to-end network capacity significantly.

One of the major challenging issues in IEEE 802.16j-based multihop relay WiMAX
networks are the frequent handovers. In the IEEE standard 802.16j, RS grouping is
proposed as an optional mechanism to decrease the number of handovers. In the RS
grouping technique, an RS group consists of a number of neighboring RSs that form a
logical RS with a larger coverage. In (Yang et al. [2010]), a new RS grouping algorithm
was designed to minimize handovers by applying a greedy grouping policy, where RSs
with higher handover rates are selected to form an RS group. The reported simulation
results show that the number of handovers decreases significantly by using the proposed
RS grouping algorithm. Moreover, it was shown that a small RS group size increases
the throughput of the network with fixed SSs, while a large RS group size should be
selected for mobile SSs (Yang et al. [2010]).

7.3.2 Gigabit WiMAX

Recently, the IEEE 802.16m task group (IEEE P802.16m/D5 [2010]) was formed
to design next-generation Gigabit, also known as fourth-generation (4G), WiMAX
networks. A Gigabit WiMAX network is based on IEEE 802.16e mobile WiMAX
and emerging IEEE 802.16j multihop relay WiMAX to provide high-speed wireless
Internet access for end-users. Gigabit WiMAX supports both fixed and mobile SSs by
providing up to 1 Gb/s and 100 Mb/s data rates, respectively. Backward compatibil-
ity with the legacy WiMAX technologies is one of the important goals in the design
of Gigabit WiMAX. Gigabit WiMAX is compatible with all OFDM-based mobile
broadband access technologies. This property provides enormous flexibility and evo-
lutionary upgrade possibilities for both service providers and end-users. By means of
interworking functions, Gigabit WiMAX enables roaming and seamless connectivity
across IMT-Advanced and IMT-2000 systems (Ahmadi [2009]). Note that the require-
ments of IMT-Advanced networks (ITU-R M.2134 [2008]) are considered in IEEE
802.16m.

Table 7.3 summarizes the major features of IEEE 802.16m Gigabit WiMAX net-
works. Various PHY and MAC layer enhancements are considered in the standard
(Papapanagiotou et al. [2009]). IEEE 802.16m defines a new frame structure in order to
offer flexibility in allocating slots for upstream and downstream transmissions. It spec-
ifies a 20-ms superframe, which is divided into 5-ms radio frames using either TDD or
FDD. By means of OFDMA, it is possible to divide each 5-ms frame into eight sub-
frames, whereby each subframe is used for either downlink or uplink transmissions.
The use of space-time coding techniques allows MIMO antennas of Gigabit WiMAX
networks to support up to eight stream transmissions at the BS. These techniques help
increase data rates and network reliability significantly. IEEE 802.16m supports multi-
user MIMO antennas, where multiple SSs receive data in parallel using their MIMO
antennas (Li et al. [2009, 2010a]). Multicarrier transmission is another key technology
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Table 7.3. Features of IEEE 802.16m Gigabit WiMAX (Papapanagiotou et al. [2009]).

Feature IEEE 802.16e IEEE 802.16m

Aggregate data rate 75 Mb/s 100 Mb/s for mobile SSs
1 Gb/s for fixed SSs

Frequency band Lower than 6 GHz Lower than 6 GHz
Duplexing scheme TDD and FDD TDD and FDD
MIMO support Up to 4 streams Up to 8 streams
Coverage Up to 10 km Up to 100 km
Handover inter-frequency 35–50 ms 30 ms
interruption time
Handover intra-frequency Not specified 100 ms
interruption time
Mobility speed Up to 120 km/h Up to 350 km/h
IDLE to ACTIVE state transition 390 ms 50 ms
QoS 5 scheduling services 5 scheduling services

to increase data rates in Gigabit WiMAX networks, whereby parallel transmissions on
multiple radio frequency (RF) carriers are allowed (Fu et al. [2010]).

In the MAC layer of Gigabit WiMAX, multihop relay functions are defined to
increase network coverage and resource allocation efficiency. Moreover, the MAC layer
controls the PHY over multiple frequencies and multi-user MIMO antennas. It supports
fast session transfer between PHY layers, beamforming, and spatial reuse. The IEEE
802.16m MAC layer also deploys state-of-the-art power saving and handover tech-
niques to provide mobility support for high-speed mobile SSs (Papapanagiotou et al.
[2009]).

Two advanced power conservation mechanisms, i.e., sleep and idle modes, are pro-
posed to decrease signaling and operational overhead as well as to provide higher power
saving gains than existing power management techniques (Kim and Mohanty [2010]).
Typically, a mobile SS operates in one of the following modes based on given traffic
conditions: (i) connected mode, (i i) sleep mode, or (i i i) idle mode. In next-generation
Gigabit WiMAX networks, the sleep mode is activated under light and/or real-time
traffic loads in order to perform power saving (especially for mobile SSs). Two power
saving classes are introduced for different types of traffic. While non-real-time and BE
traffic are considered in one class, another power saving class is defined for real-time
traffic (Jin et al. [2010]). In sleep mode, a mobile SS operates in the listen and sleep
modes. During the listening window, the SS monitors the downlink for a traffic indica-
tion message to terminate its sleep mode and move to the connected mode. The sum of
listening and sleep windows form a sleep cycle. In IEEE 802.16m Gigabit WiMAX
networks, the dynamic adjustment of the sleep cycle is allowed to adapt to current
traffic pattern changes. To improve bandwidth efficiency and power saving gains, the
listening window can be terminated before the scheduled time via an explicit indica-
tion message transmitted by the BS (Kim and Mohanty [2010]). In the idle mode, a
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mobile SS is disconnected from the BS, but the idle mode retention information (IMRI),
e.g., security keys and service flow parameters, are retained at the BS. The IMRI is
designed to expedite status changes of the idle mobile SS. Moreover, the idle mobile
SS periodically turns on its receiver at pre-specified intervals to monitor paging mes-
sages. Consequently, the SS is able to check for pending downlink traffic at the BS
(Kim and Mohanty [2010]).
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Long term evolution (LTE) has been defined by the third generation partnership project
(3GPP) as fourth-generation (4G) cellular network technology for high-speed wireless
end-users. In this chapter, we provide an overview of the salient features and most
important specifications of LTE and next-generation LTE-Advanced networks.

8.1 PHY layer

The first amendment of LTE (release 8) provides a transmission rate of 300 Mb/s and
operates in both time division duplex (TDD) and frequency division duplex (FDD)
modes. 4G LTE provides simplicity for both operators and end-users (Pospishny et al.
[2010]). LTE operators are given the flexibility to define the size of bandwidth, rang-
ing from below 5 MHz up to 20 MHz. Furthermore, various user-friendly features have
been considered in 4G LTE networks, including plug-and-play and self-configuration.

LTE aims at providing a smooth evolution from earlier 3GPP and 3GPP2 cel-
lular networks such as wide-band code division multiple access/high-speed packet
access (WCDMA/HSPA) and code division multiple access (CDMA2000) (Astely et al.
[2009]). Typically, orthogonal frequency division multiplexing (OFDM) is used in the
downlink radio transmission of LTE networks. Using narrow-band subcarriers in com-
bination with a cyclic prefix leads to a radio transmission that is robust against time dis-
persion. As a result, the cost and power consumption of mobile end-users decrease due
to the simplified receiver baseband processing. Moreover, LTE supports advanced multi-
antenna schemes such as single/multiple-user multiple input multiple output (MIMO)
antennas, transmit diversity, spatial multiplexing, and beamforming.

From a physical (PHY) layer standardization perspective, the evolutionary upgrade
from third generation (3G) to TDD-based International Mobile Telecommunications
(IMT)-Advanced systems passes through the 4G LTE technology. More specifically,
time division-synchronous code division multiple access (TD-SCDMA) is considered
to be used for 3G networks, while its advanced schemes have been proposed for
future cellular networks. Figure 8.1 shows the milestones of the TD-SCDMA evo-
lution (Peng et al. [2010]). In each phase of Fig. 8.1, different network technologies
have been introduced using the released standard draft. For instance, release 5 (R5)
specifications consist of some advanced enabling functions, including high-speed down-
link packet access (HSDPA), synchronization procedures, and terminal location in the
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second phase. HSDPA and high-speed uplink packet access (HSUPA), known as HSPA
(Holma et al. [2007]), apply adaptive modulation and coding (AMC), hybrid automatic
repeat request (HARQ), fast packet scheduling (FPS), MIMO, and smart antenna tech-
nologies to increase their peak rates (Peng et al. [2010], Liu et al. [2006]).

In the downlink (DL) of LTE, orthogonal frequency division multiple access
(OFDMA) is used and the subcarriers are allocated adaptively to the desired end-
users to enhance multi-user diversity. More specifically, the scheduler of the base sta-
tion, called enhanced NodeB (eNB), dynamically controls the time/frequency resources
that are allocated to each end-user and adopts the multiplexing technique accord-
ingly. In the uplink (UL) of LTE, both discrete Fourier transformation (DFT)-spread
OFDM (SOFDM) and interleaved frequency division multiple access (IFDMA) are
used. These single-carrier transmission techniques increase the UL inter-user orthog-
onality and enable the frequency-domain equalization efficiently (Peng et al. [2010]).
In TD-SCDMA, different enhancement techniques are proposed to increase spectrum
efficiency and peak rate of IMT-Advanced networks. For instance, the block repeat
(BR)-OFDMA is considered to reduce the interferences of adjacent cells.

8.2 MAC layer

8.2.1 Resource allocation

The resource management and scheduling of LTE are monitored by the link layer,
which consists of the following three sublayers (Larmo et al. [2009]): (i) packet data
convergence protocol (PDCP) sublayer, which is responsible for handover, IP header
compression, and ciphering; (i i) radio link control (RLC) sublayer, which performs
data segmentation and concatenation; and (i i i) medium access control (MAC) sub-
layer, which is responsible for resource management and scheduling. Compared with
3G cellular networks, the link layer protocols of LTE are designed to enhance quality-
of-service (QoS) by increasing their reliability, security, and integrity.

In LTE networks, each end-user applies the scheduling request (SR) mechanism to
send a request to access the channel. In the SR mechanism, an end-user reports the
amount of data buffered in its queues, known as a buffer status report (BSR). Typi-
cally, the following two mechanisms are defined to perform resource management by
means of SR: (i) dedicated SR (D-SR), where each end-user should send its SR on a
dedicated resource over the physical uplink-control channel (PUCCH) to the eNB and
(i i) random access-based SR (RA-SR), where the end-user should use a four-phase
contention-based random access procedure (Larmo et al. [2009]). We note that RA-SR
is used if no PUCCH resources for D-SR are assigned to the end-user.

Unlike conventional cellular networks, e.g., global system for mobile communica-
tions (GSM), where the channels are dedicated to high-priority QoS-enabled end-users,
in LTE end-users apply a shared uplink and a shared downlink channel. In (Anas et al.
[2008]), a combined admission control and time-frequency domain scheduling frame-
work was proposed to support QoS and service differentiation for the LTE uplink. It is
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important to note that no specific scheduling and resource assignment scheme was stan-
dardized. The deployed scheduling algorithm in the eNB is responsible for meeting the
QoS requirements of different traffic classes according to instantaneous channel condi-
tions and/or fairness allocation policies (Kwan et al. [2009]). The scheduler selects both
the appropriate end-user and radio bearer for downstream, while upstream, the uplink
scheduling grants are assigned to end-users without specifying the radio bearer. Since
the end-user sends BSRs for pre-allocated active radio bearers, the eNB ensures that
users with high-priority data are given preference and obtain the assigned QoS. The
scheduling grants are carried to end-users on the physical downlink-control channel
(PDCCH) (Larmo et al. [2009]).

Different radio resource management algorithms have been proposed for LTE net-
works. In (Pedersen et al. [2009]), some of these algorithms, ranging from bearer admis-
sion control to semi-persistent, are compared. The simulation results demonstrate that
each algorithm is suitable for a different type of service. For instance, it was shown that
the semi-persistent scheduling algorithm outperforms the other resource management
algorithms for highly loaded voice-over-IP (VoIP) end-users.

The scheduling and resource allocation algorithm for OFDM-based LTE networks
was proposed in (Huang et al. [2009]). Using a dual decomposition approach, the
convex optimization problem is defined and solved managing PHY layer resources
(i.e., bandwidth and power) to maximize network utilization taking QoS support into
account. Although the simulation results of the proposed algorithm demonstrates good
performance for a single-cell LTE network, its complexity is a challenging issue, espe-
cially for multi-cell networks.

In (Luo et al. [2010]), a QoS-aware scheduling algorithm was introduced to enhance
real-time video delivery over LTE networks using cross-layer techniques. In the pro-
posed algorithm, various parameters are jointly considered in a cross-layer design
framework (including network throughput, QoS requirements, and scheduling fairness)
to dynamically allocate radio resources to multiple end-users. Experimental results
show a significant performance enhancement of the proposed system. The results show
that the network performance in terms of peak signal-to-noise ratio (PSNR) improves
by using the cross-layer radio resource allocation algorithm. The proposed cross-layer
scheduling algorithm dynamically changes the resource allocations based on the chan-
nel quality by optimizing the encoding parameters in order to ensure the highest
received video quality under given delay constraints.

8.2.2 Retransmission

For deploying LTE under realistic wireless channel conditions, a two-layered retrans-
mission scheme, called HARQ protocol, may be used to handle occasional retransmis-
sion errors. The MAC and RLC sublayers deploy the HARQ protocol to provide a highly
reliable selective-repeat automatic repeat request (ARQ) protocol. This protocol aims at
reliably transferring traffic with low latency and low overhead (Astely et al. [2009]).

Furthermore, LTE is able to perform channel-dependent scheduling in both time and
frequency domains in order to synchronize itself with rapid channel-quality variations
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(i.e., fading) (Mongha et al. [2008]). For low data rate applications, e.g., VoIP, where
the additional channel-dependent scheduling overhead is not efficient, LTE uses space-
frequency block coding (SFBC) for transmit diversity (Astely et al. [2009]).

8.3 Power saving

Similar to other wireless broadband access networks, 3GPP defines the following three
power saving modes: (i) active mode, (i i) discontinuous reception (DRX) in radio
resource control (RRC) idle mode (R RCI DL E ), and (i i i) DRX in connected sleep mode
(R RCC O N N ECT E D). In the idle and sleep modes, mobile stations can turn off their
transmitter/receiver equipment to decrease energy consumption. One of the important
benefits of using power management mechanisms defined in 3GPP LTE is the small
control signaling and network overhead. On the other hand, the proposed techniques
provide more efficient power saving by using simpler operational procedures than exist-
ing power management techniques deployed in cellular networks (Kim and Mohanty
[2010]).

Using DRX, LTE benefits from spatial reuse capacity techniques, such as over-the-air
resource saving, in both UL and DL directions. One of the major enhancements in LTE
networks is the connectivity of DRX-enabled end-users with a new eNB during their
movement. Optimizing the DRX parameters is a challenging issue, which should be
considered to enhance power saving without impacting on the network throughput and
delay performance. In LTE DRX mode, an end-user is registered through the evolved
packet system (EPS)-mobility management (EMM). The registered end-user can be
paged for DL traffic, while it must request RRC connection for access to the channel
to transmit its UL traffic (Bontu and Illidge [2009]). It was shown in (Bontu and Illidge
[2009]) that the DRX mode parameters of the R RCC O N N ECT E D mode play a key role
in minimizing the network delay, especially under real-time delay-sensitive traffic. For
instance, enabling DRX with a suitable DRX mode parameter results in about 40–45%
power saving for a 10 frame/s video stream without significant impact on the quality
of the video. For VoIP traffic, power savings of up to 60% can be achieved. In the
R RCI DL E state, the DRX cycle plays a key role in the performance of the network,
which can be set based on the end-user’s calling profile. Furthermore, the network re-
entry time can be significantly improved by sending multiple paging messages to the
end-user.

In (Kim et al. [2009]), an adjustable power management mechanism for the DRX
framework was proposed, which uses hierarchical cascaded power gating (HCPG) and
hierarchical multi-level clock gating (HMLCG). The HCPG is defined to maximize both
static power reduction in the idle state and the dynamic power reduction in the transi-
tion between active and idle modes. The proposed HCPG consists of (i) eight different
power domains for each function/module of the network and end-users to control and
minimize the power consumption of each component separately; (i i) one always-on
power domain. Using HCPG domains, the power consumption can be optimized by
limiting the power supply to the minimal power domains according to each application
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scenario. In HMLCG, clock gating (CG) and frequency scaling (FS) techniques are used
to avoid dynamic power dissipation. The reported experimental results show that the
proposed adjustable power management minimizes the power saving of LTE networks
significantly (Kim et al. [2009]).

8.4 Handover

Because LTE networks provide high-speed connectivity beside cellular network ser-
vices, handovers play a key role in the mobility support of end-users. Although no
specific handover mechanism is defined in the LTE standard, soft handover is not rec-
ommended to be used. Applying hard handover in LTE networks leads to various chal-
lenging issues, such as increased handover outage probability and delay. The semi-soft
handover was proposed and the reported results show that using semi-soft handover not
only attains the lowest handover outage probability but also improves the reliability of
VoIP service over LTE networks (Han and Wu [2010]).

For each handover in an LTE network, the context of an end-user (i.e., end-user plane
packets and control plane context) is relocated from its old eNB to the new eNB. This
relocation has to be performed in a fast and seamless manner to guarantee the qual-
ity of the received services before and after handover (Zheng and Wigard [2008]). The
problem of out-of-order packet delivery during handover was analyzed in (Racz et al.
[2007]). In the proposed solution, fast packet forwarding from the source eNB to the tar-
get eNB is employed to ensure the correct delivery order of packets. The results show
that the proposed relocation-based handover mechanism of LTE has no impact on the
performance of services received by the end-user (Racz et al. [2007]).

8.5 LTE-Advanced

In 2008, LTE-Advanced (also known as requirements for further advancements for
evolved-universal terrestrial radio access) was initiated to enhance LTE radio access
in terms of system performance and capabilities (36.913 [2009]). In 3GPP TR 36.913
(36.913 [2009]), the requirement specifications of LTE-Advanced are defined. In an
LTE-Advanced network, the peak data rate increases up to 1 Gb/s and 500 Mb/s for
DL and UL streams, respectively. The spectrum efficiency of next-generation LTE net-
works is enhanced up to 30 b/s/Hz and 15 b/s/Hz in DL and UL directions, respec-
tively. To support the requirements of international mobile telephony (IMT)-Advanced
(ITU-R M.1645 [2004], ITU-R M.2134 [2008]), the following characteristics are con-
sidered for next-generation LTE networks (Astely et al. [2009]):

1. Carrier aggregation, where multiple fixed bandwidth carriers are aggregated to sup-
port huge transmission bandwidth with very high transmission rates, e.g., 20 MHz
carriers are aggregated to a bandwidth of up to 100 MHz.

2. Relaying support to increase coverage and decrease deployment cost.
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Figure 8.2 Multihop cooperative LTE-Advanced network architecture.

3. Extended multi-antenna transmission to increase the number of downlink/uplink
transmissions, which enlarges the total transmission rate.

4. Coordinated multipoint (CoMP) transmission/reception, where multiple cells
perform transmission/reception simultaneously to improve the performance of cell-
edge nodes.

5. Backward compatibility, where both first LTE released end-users and LTE-
Advanced end-users are able to access the network, thereby providing a cost-efficient
pay-as-you-grow migration.

For relaying support in LTE-Advanced networks, the multihop cellular network archi-
tecture has been proposed (Zheng et al. [2009]). Figure 8.2 shows the architecture
of a multihop cooperative LTE-Advanced network. In the multihop cooperative LTE-
Advanced network architecture, the layer-2 functions of radio resource management
are deployed in the remote nodes (RNs). More specifically, the RNs perform joint rout-
ing, link adaptation, and scheduling to help the eNB handle radio resources efficiently.
The reported simulation results show that the multihop cooperative LTE-Advanced net-
work outperforms single-hop networks in terms of signal-to-noise and interference ratio
(SINR) and throughput (Zheng et al. [2009]).
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Wireless mesh networks (WMNs) have been envisioned to enhance flexibility, increase
reliability, and improve performance of wireless networks. Although WMNs are not
widely considered in wireless metropolitan area network (WMAN) deployments, IEEE
802.11 wireless local area network (WLAN) is an interesting technology to realize
low-cost WMNs. In this chapter, we provide an overview of the salient features and
most important specifications of WiFi-based WMNs and describe the major challeng-
ing issues of routing and medium access control (MAC) protocols. Moreover, we briefly
describe the optional mesh mode of initial standard IEEE 802.16d for fixed WiMAX,
which has been removed from the IEEE standard 802.16e for mobile WiMAX.

9.1 Characteristics

Typically, there are two main approaches in the design of wireless networks (Schiller
[2003]):

1. Infrastructure networks: Wireless mobile stations (STAs) rely on an underlying
infrastructure for communication. They communicate with each other via a central
control point, e.g., an access point (AP). WMANs, such as the global system for
mobile communications (GSM) and universal mobile telecommunications system
(UMTS), are typical examples for infrastructure wireless networks.

2. Infrastructure-less networks: STAs communicate directly with each other. In
infrastructure-less wireless networks, also known as mobile ad-hoc networks
(MANETs), STAs are able to act as routers. Emergency search-and-rescue opera-
tions, corporate meetings, and military communications in hostile terrains are exam-
ple applications of MANETs.

The convergence of the two aforementioned wireless networking approaches leads
to WMNs, which promise greater flexibility, increased reliability, and improved per-
formance. WMNs employ multihop communications to forward traffic en route to and
from a wired distribution system (DS), e.g., Internet (Akyildiz et al. [2005]). WMNs
are expected to be widely deployed due to their ability to provide ubiquity, convenience,
cost-efficiency, and simplicity (He et al. [2008]).
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9.2 WiFi-based WMN

Although most deployed WLANs use the single-hop IEEE standard 802.11a/b/g or the
emerging IEEE standard 802.11n, the recent amendment IEEE 802.11s provides mesh
capability by converging the advantages of different routing protocols (Hiertz et al.
[2008]). IEEE 802.11s defines the hybrid wireless mesh protocol (HWMP), which is
inspired by a combination of (i) ad-hoc on-demand distance vector (AODV) routing for
MAC address-based path selection and (i i) tree-based pro-active routing (Bahr [2009]).
In addition to routing, WMNs face several challenges such as security and quality-of-
service (QoS), which must be considered and addressed in IEEE 802.11s (Faccin et al.
[2006]). Recently, IEEE 802.11s and its challenges have been discussed in greater
detail in (Camp and Knightly [2008]) and some experimental work has been reported
in (He et al. [2008], Ishmael et al. [2008], Garroppo et al. [2008]).

9.2.1 Routing protocols

During the last decade, numerous routing protocols have been developed for wireless
networks. One common property of these protocols deals with the aspect of limitations
inherent in the networks, i.e., limited bandwidth and high bit error rate (BER). Typically,
wireless network routing protocols are categorized as follows:

1. Table driven routing protocols: Table driven, also known as pro-active, routing
protocols attempt to maintain consistent, up-to-date routing information from each
node to every other node in the wireless network. These protocols require that each
participating node maintains one or more table in order to store the routing informa-
tion. The nodes respond to changes in the network topology by propagating route
updates throughout the network in order to maintain a consistent network view. The
difference between table driven protocols lies in the number of routing tables they
maintain as well as the methods used for maintaining the network connectivity.

2. On-demand driven routing protocols: On-demand driven, also known as re-active,
routing protocols create routes only when desired by the source node (i.e., source-
initiated). When a node requires a route to another node it initiates a route discovery
process within the network and the process is completed when a route is found or all
possible route permutations have been examined. Once a route has been established,
it is maintained through some form of route maintenance procedure (e.g., cache-
based) until either the destination node becomes inaccessible along every path from
the source node or until the route is no longer desired.

3. Hybrid routing protocols: Hybrid routing protocols combine the advantages of both
the aforementioned pro-active and re-active routing protocols, e.g., the zone routing
protocol (ZRP) (Haas et al. [2002]). ZRP divides the network into different zones,
which comprise the nodes in the transmission range of each other. Each node may
be within multiple overlapping zones and each zone may have a different size. ZRP
uses a pro-active routing protocol as intrazone routing protocol (IARP) and a reactive
protocol as interzone routing protocol (IERP).
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Figure 9.1 IEEE 802.11s wireless mesh network architecture.

Recently, IEEE 802.11s defined a novel hybrid routing protocol (i.e., HWMP), which
applies AODV and tree-based routing protocols as re-active and pro-active routing pro-
tocols, respectively (Bahr [2007]). While AODV is used for peer-to-peer transmissions
between fixed or mobile mesh nodes, called mesh points (MPs), the tree-based routing
protocol is applied to provide MPs with access to the wired DS through fixed gateway
nodes, called mesh portal points (MPPs) (Wang et al. [2008]). Figure 9.1 illustrates an
example of IEEE 802.11s WMN architecture, where a mesh access point (MAP) is a
special type of MP equipped with the additional capability of an AP to provide service
to STAs. In the following, we describe AODV and the tree-based pro-active routing
protocols proposed for HWMP in greater detail.

Re-active routing protocol
The AODV routing protocol, first presented in (Perkins and Belding-Royer [1999]) and
then standardized in IETF RFC 3561 in 2003 (Perkins et al. [2003]), builds on the
destination sequence distance vector (DSDV) algorithm (Perkins and Bhagwat [1994]).
AODV improves the DSDV protocol by minimizing the number of broadcast packets.
Similar to AODV, in IEEE 802.11s, when an MP desires to send a packet to another
MP and does not already have a valid route to that, it initiates a path discovery pro-
cess in order to locate the destination MP. The source MP broadcasts a path request
(PREQ) packet to its neighbors, which in turn forward the request to their neighbors
until either the destination MP or an intermediate MP with a route to the destination
MP is located. It is worthwhile to note that AODV utilizes sequence numbers to ensure
that all routes are loop-free and contain the most recent route information. During the
process of forwarding the PREQ packets, intermediate MPs record the address of the
transmitter neighbor in their routing tables for establishing a reverse shortest path. Once
the first PREQ reaches the destination MP or an intermediate MP with a fresh enough
route, a path reply (PREP) packet is sent back. As the PREP is routed back along the
reverse path, the intermediate MPs along the forward route store the entries in their



108 Wireless mesh networks

routing tables, which point to the MP from which the PREP arrived. These entries indi-
cate the active forward route. Each entry of the routing tables consists of a lifetime
parameter, which denotes the validity time of that entry. For mobile MPs, the protocol
is able to re-initiate the route discovery protocol to find new routes for the failed path
by means of path error (PERR) packets. Moreover, HELLO messages may be used to
maintain local connectivity of MPs. IEEE 802.11s adds some flags to the original frame
format of AODV such as destination only (DO), which declares that only the destination
MP is able to respond to PREQ and reply-and-forward (RF), which in turn denotes that
intermediate MPs should respond to the PREQ with a PREP and forward the PREQ to
the destination MP.

Pro-active routing protocol
In IEEE 802.11s, two mechanisms are considered for data transmissions between MPs
and MPPs (Wang et al. [2008]):

1. Pro-active PREQ: In this mechanism, MPPs periodically broadcast PREQ packets
and the receiver MP creates/updates the path to the MPs by recording the metric and
hop count parameters in their routing tables. Also, there is a pro-active PREP flag in
the pro-active PREQ packet, which denotes that the receiver MP must send a PREP
to the MPP immediately or in its next data packet.

2. Pro-active RANN: In this method, MPPs periodically broadcast root announcement
(RANN) packets, which denote the availability and location of MPPs in the net-
work. Each receiving MP creates/updates a route to the MPPs in its routing table and
responds with a PREQ. Once the MPP receives the PREQ, it replies with a PREP to
the MP.

In both above-mentioned mechanisms, MPs select the MPP with the smallest number
of hops in case there is more than one MPP in the WMN. Although IEEE 802.11s does
not specify which of these pro-active routing protocol mechanisms should be used, only
one of them is allowed to be applied at any given time.

Recently, different techniques have been considered to improve the performance of
AODV. In (Guezouri and Ouamri [2007]), three different optimization techniques are
described for AODV: (i) reverse path setup – shortest path with minimum number of
hops is selected; (i i) forward path setup – each intermediate node, which receives a
PREQ and has a shortest path to the destination node informs the source node by send-
ing a PREP packet, and (i i i) route scattering – during the route discovery process,
the source and destination nodes learn the routes to the in-path intermediate nodes.
Recently, a novel method has been proposed to control the congestion on the selected
path of the AODV routing protocol via an additional delay in broadcasting PREQ pack-
ets inserted by intermediate nodes (Xia et al. [2009]). The use of the global positioning
system (GPS) is another approach to improving the performance of AODV in terms of
overhead by reducing the PREQ broadcasting area (Espes and Mammeri [2007]). GPS
may also be used for finding a reliable path by monitoring the directions of mobile
nodes in MANETs (Qiang and Hongbo [2008]).
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Since in both WMNs and MANETs intermediate nodes relay incoming packets to the
destination node, the collaboration between intermediate nodes and source/destination
nodes has been studied in greater detail in (Demir and Comaniciu [2007]). In this study,
a novel auction-based technique is proposed to motivate selfish nodes (i.e., nodes which
do not cooperate with other nodes in the routing process) to collaborate with other
nodes. The reported results show that by using this technique a MANET with fully
selfish nodes performs in a similar way to an unselfish MANET.

IEEE 802.11s introduces a radio metric-AODV (RM-AODV) as a default path selec-
tion approach using the airtime link metric (Bahr [2006]). This parameter denotes the
amount of consumed channel resources when transmitting a prespecified test frame over
a link. The expected transmission count (ETX) metric is another metric proposed for
WMNs (He et al. [2008]). ETX applies the successful forward delivery ratio and suc-
cessful reverse delivery ratio to select the path with the highest packet delivery ratio.
In (Draves et al. [2004]), the expected transmission time (ETT) is proposed to assign
weights to individual links based on their packet loss rate and bandwidth. Weighted
cumulative ETT (WCETT), which accounts for the interference between links using
the same frequency channel, is proposed and deployed together with ETT. The reported
results show an improved throughput performance of the ETX metric for a multi-radio
multi-channel WMN. The metric of interference and channel (MIC) switching tech-
nique is proposed in (Yang et al. [2005]). The MIC considers the set of the transmitter
node’s neighbors, which are affected by the transmission and number of channel switch-
ing. The interference aware routing metric, which applies the interference ratio of each
channel in its path selection algorithm, is proposed in (Subramanian et al. [2006]). The
proposed path selection algorithm improves the AODV network throughput in compar-
ison with WCETT.

In (Katti et al. [2008]), a novel WMN architecture, called COPE, is proposed, where
intermediate MPs aggregate in-transit packets using XOR coding techniques in order to
improve network throughput. A heuristic load-balanced coding-aware routing (HLCR)
mechanism and a novel path metric called heuristic path metric for coding and load-
balancing (HPMCL) is proposed in (Fan et al. [2009]). HPMCL selects the path based
on network loads, expected number of transmissions, and coding opportunities. The
reported results show that HLCR improves the network throughput in comparison with
COPE.

9.2.2 MAC protocols

The IEEE standard 802.11s introduces an optional contention-less access mechanism,
called mesh deterministic access (MDA), to provide end-to-end QoS for delay-sensitive
traffic (Hiertz et al. [2008]). MDA is a scheduling-based medium reservation scheme.
In MDA, MPs reserve the wireless medium for MDA opportunities (MDAOPs) using
the following two types of time periods: (i) neighborhood MDAOP times – these time
periods denote the transmitting/receiving (TX/RX) times of a given MP during which
the MP and its neighboring MPs are either a transmitter or receiver of the correspond-
ing MDAOPs, and (i i) MDAOP interfering times – these time periods keep track of the
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MDAOPs of neighboring MPs, which the MP is aware of and during which it is not
involved as a transmitter or receiver. A new MDAOP can be set up between a pair of
MPs if there is no overlap of both MPs’ neighborhood MDAOP and MDAOP interfer-
ing times (Wang et al. [2008]). Moreover, a QoS-driven MAC-layer resource allocation
scheme was proposed for WMNs in (Cheng and Zhuang [2009]).

9.3 WiMAX-based WMN

9.3.1 Architecture

In a fixed WiMAX-based WMN, an SS is called mesh SS (MSS) and the BS is called
mesh BS (MBS). Unlike in the point-to-multipoint mode, where the communications
among SSs are done through the BS, in the mesh mode transmissions use the direct
links between MSSs. Upon initialization, each MSS establishes one link with each node
in its range. Typically, each node has a parent node, which is the node with the fewest
number of hops to the MBS and has the highest signal-to-noise ratio (SNR) among its
neighbors. The links between MSSs and their parents form a scheduling tree. However,
this scheduling tree is not guaranteed to be optimal (Kuran and Tugcu [2007]).

9.3.2 Scheduling

Similar to the point-to-multipoint mode, at the MAC layer of WiMAX-based WMNs
the requested services of each SS are first registered during the initialization phase and
subsequently the connections are established.

To implement WMNs, IEEE 802.16d fixed WiMAX applies two scheduling types:
(i) centralized and (i i) distributed. In the centralized scheduling mode, each MSS
sends its request to the MBS that manages the network. The MBS determines the flow
assignment from the resource request of MSSs. In the distributed scheduling mode,
each MSS distributes its scheduling information and one-hop neighbors among all its
adjacent MSSs. Therefore, every MSS has the scheduling information of all its two-
hop neighbors and makes its scheduling decisions based on this information. The dis-
tributed scheduling is further subdivided into coordinated and uncoordinated methods.
In the coordinated method, the scheduling information is sent in a collision-free man-
ner, whereas in the uncoordinated method collisions are possible. It is worthwhile to
mention that the two different mesh scheduling methods can be applied together by
subdividing the data part of the frame into two parts, one for centralized scheduling and
another one for distributed scheduling (Kuran and Tugcu [2007]). Note that no specific
scheduling algorithm is standardized to support different types of data flows and QoS
for the MSSs of fixed WiMAX-based WMNs, but various scheduling algorithms can be
found in (Abu Ali et al. [2008]).



Part IV

FiWi access networks
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Traditionally, wireless and optical fiber networks have been designed separately from
each other. Wireless networks are aimed at meeting specific service requirements while
coping with particular transmission impairments and optimizing the utilization of the
system resources to ensure cost-effectiveness and satisfaction for the user. In optical
networks, on the other hand, research efforts rather focused on cost reduction, sim-
plicity, and future-proofness against legacy and emerging services and applications by
means of optical transparency. Wireless and optical access networks can be thought of
as complementary. Optical fiber does not go everywhere, but where it does go, it pro-
vides a huge amount of available bandwidth. Wireless access networks, on the other
hand, potentially go almost everywhere, but provide a highly bandwidth-constrained
transmission channel susceptible to a variety of impairments.

Future broadband access networks not only have to provide access to information
when we need it, where we need it, and in whatever format we need it, but also, and
arguably more importantly, have to bridge the digital divide and offer simplicity and
user-friendliness based on open standards in order to stimulate the design of new appli-
cations and services. Toward this end, future broadband access networks must leverage
on both optical and wireless technologies and converge them seamlessly, giving rise
to fiber-wireless (FiWi) access networks (Aissa and Maier [2007]). FiWi access net-
works are instrumental in strengthening our information society while avoiding its dig-
ital divide. By combining the capacity of optical fiber networks with the ubiquity and
mobility of wireless networks, FiWi networks form a powerful platform for the support
and creation of emerging as well as future unforeseen applications and services, e.g.,
telepresence. FiWi networks hold great promise to change the way we live and work
by replacing commuting with teleworking. This not only provides more time for pro-
fessional and personal activities for corporate and our own personal benefit, but also
helps reduce fuel consumption and protect the environment, issues that are becoming
increasingly important in our lives.

Due to the difficulty and prohibitive costs of supplying optical fiber to all end-user
premises as well as the spectrum limitations of wireless access networks, bimodal FiWi
access networks are more attractive than relying on either stand-alone access solution.
FiWi networks are realized by integrating wireless access technologies, e.g., cellular,
WiMAX, and WiFi, with installed optical fiber infrastructure that has been pushed ever
closer toward end-users over the last few years and has been the preferred medium of
choice in most of today’s greenfield deployments, where fiber rather than copper cables
are installed for broadband access. To better understand the rationale behind the vision
of FiWi access networks, we first describe related research topics and then define FiWi
networks as a new research area in the following:

• Fixed mobile convergence (FMC)
According to the European Telecommunications Standardization Institute (ETSI),
FMC is concerned with developing network capabilities and supporting standards
that may be used to seamlessly offer a set of consistent services via fixed or mobile
access to fixed or mobile, public or private, networks, independently of the access
technique (MacLeod and Safavian [2008]).
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FMC can be achieved at different levels, e.g., business or service provisioning level.
Note, however, that FMC does not necessarily imply the physical convergence of
networks. In fact, the convergence at the network facilities level, where an operator
uses the same physical network infrastructure with common transmission and
switching systems to provide both mobile and fixed services, is more accurately
referred to as fixed mobile integration (FMI) (Harrison and Hearnden [1999]). While
FMI considers any type of access networks, e.g., digital subscriber line (DSL),
hybrid fiber-coax (HFC), or wireless local area network (WLAN), the so-called opti-
cal wireless integration (OWI) focuses on emerging optical and wireless broadband
access technologies, as explained next.

• Optical wireless integration (OWI)
Current copper-based access network technologies such as DSL and HFC face
serious challenges to meet the requirements of future broadband access networks.
While DSL suffers from severe distance and noise limitations, HFC is not able to
carry data traffic efficiently due to its upstream noise and crosstalk accumulation.
Recent progress in optical fiber technologies, especially the maturity of integration
and new packaging technologies, has rendered optical fiber access networks a
promising low-cost broadband solution. In particular, passive optical networks
(PONs) are able to provide lower network deployment and maintenance costs
as well as longer distances than current DSL and HFC networks. OWI aims
at integrating PONs and other optical fiber access technologies with emerging
broadband wireless access technologies, e.g., WiMAX, in order to increase the
capacity of wireless access networks and reduce access point complexity through
centralized management (Luo et al. [2006]). It is important to note that there is a
difference between OWI and free-space optical wireless (OW) communications.
OW systems to test line-of-sight wireless communications were already designed in
the 1960s, well before the development of optical Þber communications (Davis et al.
[2003]). Current radio frequency (RF) wireless systems, e.g., WiFi, WiMAX, or
ultra-wideband (UWB), are limited in both data rate and range due to their low
carrier frequencies. OW communications links operate at much higher carrier
frequencies than their RF counterparts. As the RF spectrum becomes increasingly
congested, OW represents an interesting alternative to RF wireless systems. OW
may be deployed as a temporary backbone for rapidly deployable mobile wireless
communication infrastructure, especially in densely populated urban areas. Note,
however, that unlike OWI networks, OW links and networks do not involve any
wired (fiber) infrastructure.

• Radio-over-fiber (RoF) vs. radio-and-fiber (R&F) networks
RoF networks have been studied for many years as an approach to integrate optical
fiber and wireless networks. In RoF networks, RFs are carried over optical fiber
links between a central office (CO) and multiple low-cost remote antenna units
(RAUs) in support of a variety of wireless applications, e.g., microcellular radio
systems (Chu and Gans [1991]). It was experimentally demonstrated that RoF
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networks can have an optical fiber range of up to 50 km. However, inserting an
optical distribution system in wireless networks may have a major impact on the
performance of medium access control (MAC) protocols (Dang and Niemegeers
[2005]), as discussed in greater detail in Chapter 10. The limitations of RoF networks
can be avoided in so-called radio-and-fiber (R&F) networks (Henry [2007]). While
RoF networks use optical fiber as an analog transmission medium between a CO and
one or more RAUs with the CO being in charge of controlling access to both optical
and wireless media, in R&F networks access to the optical and wireless media
is controlled separately from each other by using in general two different MAC
protocols in the optical and wireless media, with protocol translation taking place
at their interface. As a consequence, wireless MAC frames do not have to travel
along the optical fiber to be processed at the CO, but simply traverse their associated
AP and remain in the wireless front-end, thus avoiding the negative impact of fiber
propagation delay on the network performance.

• FiWi access networks
FiWi networks may deploy both RoF and R&F technologies. By simultaneously pro-
viding wired and wireless services over the same infrastructure, FiWi networks are
able to consolidate optical and wireless access networks that are usually run inde-
pendently of each other, thus potentially leading to major cost savings.

FiWi networking research deals with the OWI of emerging optical and wireless
broadband access technologies, e.g., wireless mesh network (WMN). FiWi research
focuses on the physical (PHY), MAC, and network layers with the goal of developing
and investigate low-cost enabling FiWi technologies as well as layer-2 and layer-3
protocols and algorithms. Higher-layer network capabilities developed through FMC
standardization efforts can be exploited on top of the PHY, MAC, and network lay-
ers of FiWi networks. As we will see in the subsequent chapters, FiWi research
investigates new methods of optical RF generation exploiting fiber nonlinearities
and various modulation techniques. It also includes the study of different remod-
ulation schemes for the design of colorless (i.e., wavelength-independent) RAUs.
While significant progress has been made at the PHY layer of FiWi and in partic-
ular RoF transmission systems, FiWi networking research on layer-2 and layer-3
related issues has begun only very recently. Among others, FiWi layer-2/3 research
includes the joint optimization of performance-enhancing MAC mechanisms sepa-
rately used in the wireless and optical network segments, e.g., wireless frame aggre-
gation and optical burst assembly, hybrid access control protocols, integrated path
selection algorithms, as well as advanced resilience techniques. Layer-2/3 network-
ing research is crucial to unleash the full potential of FiWi networks (Sarkar et al.
[2007a], Ghazisaidi and Maier [2011]).

In the following, we discuss the aforementioned challenges and opportunities of FiWi
access networks in technically greater detail. The remainder of this part is structured
as follows. In Chapter 10, we elaborate on the difference between RoF and R&F net-
works and summarize some of the key enabling RoF and R&F technologies. In addition,
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we highlight two recently proposed RoF and R&F based state-of-the-art FiWi network
testbeds and describe lessons learned. Furthermore, we outline the challenges and open
issues of layer-2/3 protocols and algorithms in future FiWi access networks. Chapter 11
provides a more comprehensive overview of possible FiWi network architectures based
on either RoF or R&F technologies. The planning and reconfiguration of various FiWi
networks, including optimal ONU placement and direct inter-ONU communications,
are discussed in Chapter 12. In Chapter 13, we perform a techno-economic analysis
of Ethernet PON (EPON) and WiMAX, which play a key role in many previously
studied FiWi broadband access networks. The opportunities of powerful network cod-
ing techniques to enhance the throughput-delay performance of next-generation PONs
(NG-PONs) and FiWi access networks are explored in Chapter 14. In Chapter 15, we
introduce and analyze a variety of optical and wireless protection techniques to improve
the survivability of NG-PONs and FiWi networks and render them robust against mul-
tiple fiber link failures. Chapter 16 explores hierarchical frame aggregation techniques
for FiWi networks based on integrated EPON and WiFi mesh networks. The presented
simulation and experimental results show that the proposed techniques help improve
the throughput-delay performance, jitter, packet loss, and mean opinion score of FiWi
networks significantly. The wireless mesh front-end of FiWi access networks provides
multiple possible paths to route traffic to any ONU of the optical backhaul PON. In
Chapter 17, we review state-of-the-art wireless and integrated routing algorithms for
FiWi access networks, including recently proposed energy-aware routing for “green"
energy-efficient broadband access networks. The chapter also elaborates on techniques
to guarantee QoS continuity across the optical–wireless interface of FiWi access net-
works. Finally, Chapter 18 outlines interesting opportunities as to how FiWi broadband
access networks can be also adopted in other relevant sectors, e.g., power grids, and be
used to realize the communications infrastructure of the future smart grid.
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Radio-over-fiber (RoF) networks have been studied for many years as an approach to
integrating optical fiber and wireless networks. In RoF networks, radio frequencies
(RFs) are carried over optical fiber links between a central station and multiple low-
cost remote antenna units (RAUs) in support of a variety of wireless applications. For
instance, a distributed antenna system connected to the base station of a microcellular
radio system via optical fibers was proposed in (Chu and Gans [1991]). To efficiently
support time-varying traffic between the central station and its attached base stations, a
centralized dynamic channel assignment method is applied at the central station of the
proposed fiber optic microcellular radio system. To avoid having to equip each radio
port in a fiber optic microcellular radio network with a laser and its associated circuit
to control the laser parameters such as temperature, output power, and linearity, a cost-
effective radio port architecture deploying remote modulation may be used (Wu et al.
[1994]).

Apart from realizing low-cost microcellular radio networks, optical fibers can also be
used to support a wide variety of other radio signals. RoF networks are attractive since
they provide transparency against modulation techniques and are able to support various
digital formats and wireless standards in a cost-effective manner. It was experimentally
demonstrated in (Tang et al. [2004]) that RoF networks are well suited to simultane-
ously transmit wideband code division multiple access (WCDMA), IEEE 802.11a/g
wireless local area network (WLAN), personal handyphone system (PHS), and global
system for mobile communications (GSM) signals. Figure 10.1 illustrates the method
investigated in (Tang et al. [2004]) for two different radio client signals transmitted by
the central station on a single-mode fiber (SMF) downlink to a base station and onward
to a mobile user or vehicle. At the central station, both radio client signals are first
up-converted to a higher frequency by using a frequency converter. Then the two RF
signals go into two different electroabsorption modulators (EAMs) and modulate the
optical carrier wavelength emitted by two separate laser diodes. An optical combiner
combines the two optical signals onto the SMF downlink. At the base station, a pho-
todiode converts the incoming optical signal to the electrical domain and radiates the
amplified signal through an antenna to a mobile user or vehicle which uses two separate
frequency converters to retrieve the two different radio client signals.

While SMFs are typically found in outdoor optical networks, many buildings have
preinstalled multimode fiber (MMF) cables. Cost-effective multimode fiber (MMF)-
based networks can be realized by deploying low-cost vertical cavity surface emitting



118 RoF vs. R&F networks

Laser diode

Optical
combiner Photodiode

Central station

Base station
EAM

Client signal 1 converter
Frequency EAM

SMF

jjMobile user/vehicle

Client signal 2

converter
Frequency

converter
Frequency

Client signal 1

Client signal 1 converter
Frequency

Laser diode

Figure 10.1 Radio-over-SMF network downlink using EAMs for different radio client signals.
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lasers (VCSELs). In (Lethien et al. [2005]), different kinds of MMF in conjunction with
commercial off-the-shelf (COTS) components were experimentally tested to demon-
strate the feasibility of indoor radio-over-MMF networks for the in-building coverage
of second-generation (GSM) and third-generation cellular radio networks (universal
mobile telecommunications system [UMTS]) as well as IEEE 802.11a/b/g WLAN and
digital enhanced cordless telecommunication packet radio service (DECT PRS).

To realize future multiservice access networks, it is important to integrate RoF sys-
tems with existing optical access networks. In (Lin et al. [2007a]), a novel approach for
simultaneous modulation and transmission of both RoF RF and FTTH baseband sig-
nals using a single external integrated modulator was experimentally demonstrated, as
shown in Fig. 10.2. The external integrated modulator consists of three different Mach-
Zehnder modulators (MZMs) 1, 2, and 3. MZM 1 and MZM 2 are embedded in the
two arms of MZM 3. The RoF RF and FTTH baseband signals independently modulate
the optical carrier generated by a common laser diode by using MZM 1 and MZM 2,
respectively. Subsequently, the optical wireless RF and wired-line baseband signals are
combined at MZM 3. After propagation over an SMF downlink, an optical filter (e.g.,
fiber grating) is used to separate the two signals and forward them to the wireless and
FTTH application, respectively. It was experimentally demonstrated that a 1.25 Gb/s
baseband signal and a 20-GHz 622 Mb/s RF signal can be simultaneously modulated
and transmitted over 50 km standard SMF with acceptable performance penalties.

The aforementioned research projects successfully demonstrated the feasibility and
maturity of low-cost multiservice RoF networks. Their focus was on the investigation
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of RoF transmission characteristics and modulation techniques, considering primarily
physical layer related performance metrics, e.g., power penalty, error vector magnitude
(EVM), and bit error rate (BER) measurements. It was shown that RoF networks can
have an optical fiber range of up to 50 km. However, inserting an optical distribution
system in wireless networks may have a major impact on the performance of medium
access control (MAC) protocols (Dang and Niemegeers [2005]). The additional prop-
agation delay may exceed certain timeouts of wireless MAC protocols, resulting in a
deteriorated network performance. More precisely, MAC protocols based on centralized
polling and scheduling, e.g., IEEE 802.16 WiMAX, are less affected by increased prop-
agation delays due to their ability to take longer walk times between central station and
wireless subscriber stations into account by means of interleaved polling and scheduling
of upstream transmissions originating from different subscriber stations. However, in
distributed MAC protocols, e.g., the widely deployed distributed coordination function
(DCF) in IEEE 802.11a/b/g WLANs, the additional propagation delay between wire-
less stations and access point poses severe challenges. To see this, note that in WLANs
a source station starts a timer after each frame transmission and waits for the acknowl-
edgment (ACK) from the destination station. By default the ACK timeout value is set to
9 µs and 20 µs in 802.11a/g and 802.11b WLAN networks, respectively. If the source
station does not receive the ACK before the ACK timeout it will resend the frame for
a certain number of retransmission attempts. Clearly, one solution to compensate for
the additional fiber propagation delay is to increase the ACK timeout. Note, however,
that in DCF the ACK timeout must not exceed the DCF interframe space (DIFS), which
prevents other stations from accessing the wireless medium and thus avoiding collision
with the ACK frame (in IEEE 802.11 WLAN specifications DIFS is set to 50 µs). Due
to the ACK timeout, optical fiber can be deployed in WLAN-based RoF networks only
up to a maximum length. For instance, it was shown in (Kalantarisabet and Mitchell
[2006]) that in a standard 802.11b WLAN network the fiber length must be less than
1948 m to ensure the proper operation of DCF. In addition, it was shown that there is
a trade-off between fiber length and network throughput. As more fiber is deployed the
network throughput decreases gradually.
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The aforementioned limitations of WLAN-based RoF networks can be avoided in so-
called radio-and-fiber (R&F) networks (Henry [2007]). While RoF networks use optical
fiber as an analog transmission medium between a central control station and one or
more RAUs with the central station being in charge of controlling access to both optical
and wireless media, in R&F networks access to the optical and wireless media is con-
trolled separately from each other by using in general two different MAC protocols in
the optical and wireless media, with protocol translation taking place at their interface.
As a consequence, wireless MAC frames do not have to travel along the optical fiber
to be processed at the central control station, but simply traverse their associated access
point and remain in the WLAN. In WLAN-based R&F networks, access control is done
locally inside the WLAN without involving any central control station, thus avoiding
the negative impact of fiber propagation delay on the network throughput.

R&F networks are well suited to build WLAN-based FiWi networks of extended cov-
erage without imposing stringent limits on the size of the optical backhaul, as opposed
to RoF networks that limit the length of deployed fibers to a couple of kilometers. Recall
that this holds only for distributed MAC protocols such as DCF, but not for MAC pro-
tocols that deploy centralized polling and scheduling, e.g., WiMAX and cellular net-
works (Kim et al. [2010], Gong et al. [2010]). The pros and cons of different possible
broadband access architectures to integrate WiMAX with Ethernet passive optical net-
work (EPON) technologies, including unified connection-oriented and microwave-over-
fiber (MoF) architectures, were discussed in detail in (Shen et al. [2007]).

10.1 Enabling technologies

Both RoF and R&F technologies can be found in FiWi access networks. In this section,
we discuss enabling technologies in greater detail.

10.1.1 RoF technologies

Several RoF technologies have been emerging for the realization of low-cost FiWi
access networks. In the following, we briefly summarize some of the key enabling RoF
technologies. For further details and a technically more profound discussion, we refer
the interested reader to (Jia et al. [2007]).

Optical RF generation
To avoid the electronic bottleneck, the generation of RF signals is best done optically.
The following novel optical RF generation techniques were experimentally studied and
demonstrated in (Jia et al. [2007]):

• FWM in HNL-DSF: Four-wave mixing (FWM) in a highly nonlinear dispersion-
shifted fiber (HNL-DSF) can be used to realize simultaneous all-optical up-
conversion of multiple wavelength channels by using optical carrier suppression
(OCS) techniques. FWM is transparent to the bit rate and modulation format, which
may be different on each wavelength. Due to the ultrafast response of HNL-DSF,
Terahertz optical RF generation is possible.
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• XPM in HNL-DSF: Cross-phase modulation (XPM) in a nonlinear optical loop
mirror (NOLM) in conjunction with straight pass in HNL-DSF enables the all-
optical up-conversion of multiple wavelength channels without any interference- and
saturation-effect limitation.

• XAM in EAM: All-optical wavelength up-conversion by means of cross-absorption
modulation (XAM) in an EAM has several advantages such as low power consump-
tion, compact size, polarization insensitivity, and easy integration with other devices.

• External IM: External intensity modulation (IM) is another approach for optical
RF generation, deploying one of the three following modulation schemes: double-
sideband (DSB), single-sideband (SSB), and OCS.

• External PM: Instead of external IM, external phase modulation (PM) can be used
for optical RF generation.

According to Jia et al. [2007], external intensity and phase modulation schemes are
the most practical solutions for all-optical RF generation due to their low cost, simplic-
ity, and long-distance transmission performance.

Remote modulation
An interesting approach to building low-cost FiWi networks is the use of a single light
source at the central office (CO) to generate a downlink wavelength that is reused at
RAUs for upstream transmission by means of remote modulation, thereby avoiding the
need for an additional light source at each RAU. The following remodulation schemes
were experimentally studied in (Jia et al. [2007]):

• DPSK for downstream/OOK for upstream: PM is deployed to generate a differen-
tial phase-shift-keyed (DPSK) optical downstream signal. The DPSK is up-converted
through OCS modulation. An optical splitter is used at each RAU to divide the
arriving optical signal into two parts. One part is demodulated by a Mach-Zehnder
interferometer and is subsequently detected by a photodetector. The other part is
on–off-keyed (OOK) remodulated with upstream data using an MZM and is sent to
the CO.

• OCS for downstream/reuse for upstream: At the CO, an optical carrier is split
prior to optical RF generation by means of OCS and is then combined with the RF
signal and sent downstream. Each RAU utilizes a fiber Bragg grating (FBG) to reflect
the optical carrier while letting the RF signal pass to a photodetector. The reflected
optical carrier is remodulated with upstream data and is then sent back to the CO.

• PM for downstream/directly modulated SOA for upstream: Similar to the afore-
mentioned scheme, an optical carrier is combined with an RF signal, generated by
means of PM, and sent downstream where an FBG is used at the RAU to reflect
the optical carrier and pass the RF signal. The reflected optical carrier is amplified
and directly modulated with upstream data using a semiconductor optical ampli-
fier (SOA).

The use of a colorless (i.e., wavelength-independent) SOA as an amplifier and modu-
lator for upstream transmission provides a promising low-cost RoF solution that is easy
to maintain (Jia et al. [2007]).
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10.1.2 R&F technologies

R&F-based FiWi access networks may deploy a number of enabling optical and wireless
technologies.

Optical technologies
Apart from passive optical networks (PONs), the following optical technologies are
expected to play an increasingly important role in the design of a flexible and cost-
effective optical backhaul for FiWi networks (Kazovsky et al. [2007]):

• Tunable lasers: Directly modulated external cavity lasers, multisection distributed
feedback (DFB)/distributed Bragg reflector (DBR) lasers, and tunable VCSELs can
be used as tunable lasers that render the network flexible and reconfigurable and help
minimize production cost and reduce backup stock.

• Tunable receivers: A tunable receiver can be realized by using a tunable opti-
cal filter and a broadband photodiode. Other more involved implementations exist
(see Kazovsky et al. [2007]).

• Colorless ONUs: Reflective SOAs (RSOAs) can be used to build colorless optical
network units (ONUs) that remotely modulate optical signals generated by central-
ized light sources.

• Burst-mode laser drivers: Burst-mode transmitters are required for ONUs. They
have to be equipped with laser drivers that provide fast burst on/off speed, sufficient
power suppression during idle period, and stable, accurate power emission during
burst transmission.

• Burst-mode receivers: Burst-mode receivers are required at the central optical line
terminal (OLT) of a PON and must exhibit a high sensitivity, wide dynamic range,
and fast time response to arriving bursts. Among others, design challenges for burst-
mode receivers include dynamic sensitivity recovery, fast level recovery, and fast
clock recovery.

Wireless technologies
A plethora of broadband wireless access technologies exist. For a comprehensive sur-
vey on available broadband wireless access technologies we refer the interested reader
to (Kuran and Tugcu [2007]). Currently, the three most important ones for the imple-
mentation of the wireless part of FiWi networks are WiFi, WiMAX, and wireless mesh
network (WMN), which were described at length in Chapters 6, 7, and 9, respectively.

10.2 State-of-the-art testbeds

In this section, we briefly describe two recently proposed FiWi network testbeds and
highlight the lessons learned.
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10.2.1 RoF testbed

Figure 10.3 shows the RoF testbed designed at the Georgia Institute of Technology for
the field trial demonstration of 270 Mb/s standard definition (SD) and 1.485 Gb/s high
definition (HD) real-time video stream delivery using 2.4 GHz and 60 GHz millime-
ter (mm)-wave transmissions over 2.5 km SMF between the Centergy building (trans-
mitter) and the Aware home residential building (receiver) (Chowdhury et al. [2009a]).
All-optical up-conversion is used at the transmitter to generate a 60 GHz mm-wave sig-
nal (by means of phase modulation (PM)) and to send the HD video signal at 1554 nm.
As shown in Fig. 10.3, electrical mixing and double-sideband optical modulation tech-
niques are used to up-convert the SD video 2.4 GHz radio signal before optical transmis-
sion at 1550 nm. PIN photodiodes are used at the receiver to perform optical–electrical
(OE) conversion of the filtered optical signals. The experimental results demonstrate a
very good BER performance of the received video signals.

10.2.2 R&F testbed

Figure 10.4 shows the University of California (UC) Davis R&F testbed integration of
two Ethernet PONs (EPONs) and an IEEE 802.11g WLAN-based WMN with a maxi-
mum transmission rate of 54 Mb/s for voice, video, and data traffic (Chowdhury et al.
[2009a]). In this architecture, optical protection is provided by using full PON dupli-
cation. Programmability was realized by using a separate Linux PC connected to each
ONU and open source firmware in each wireless gateway and router. The results show
that the quality of video transmissions sharply deteriorates for an increasing number
of wireless hops. In fact, the video client showed a blank screen after four wireless
hops. The experimental results clearly show that running EPON and WMN networks
independently yields a poor FiWi network performance. A more involved experimental
investigation of integrated FiWi network architectures is needed taking hybrid MAC
protocols, integrated path selection algorithms, and advanced resilience techniques into
account.
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10.3 Challenges and open issues

Most RoF related work has focused on the physical (PHY) layer, with a particular focus
on downstream transmissions, in an effort to mitigate the detrimental impact of var-
ious transmission impairments, e.g., low opto-electronic conversion efficiency, fiber
chromatic dispersion, and degradation due to fiber nonlinearities (Lim et al. [2010]).
There exist a number of different physical layer networking options, including RoF,
intermediate frequency (IF) over fiber, baseband over fiber, and recently reported digi-
tized RoF (Lim and Nirmalathas [2010]). Conventional RoF networks face a number of
challenges. RoF networks require special techniques for mitigating the effects of inter-
modulation distortion arising from the nonlinear device characteristics of optical com-
ponents. Furthermore, RoF networks often require opto-electronic devices with wide
bandwidth that need to be customized to meet specific application demands. As a result,
RoF networks can be less competitive than wireless alternatives for the backhaul. To
mitigate these shortcomings, the transmission of digitized RF signals may be a more
cost-effective alternative to conventional analog RoF links by exploiting the better per-
formance of digital optical links and the benefits of direct RF distribution to realize
simpler base stations (Nirmalathas et al. [2009, 2010]). Several cost-effective technolo-
gies for very-high-throughput RoF networks were recently investigated and demon-
strated, including multicarrier orthogonal frequency division multiplexing (OFDM) and
single-carrier multilevel modulation (Yu et al. [2010]). Advanced technologies, e.g.,
polarization diversity RoF, for in-building RoF networks were proposed and experi-
mentally investigated in (Xu et al. [2010]).

While significant progress has been made at the PHY layer of FiWi and in partic-
ular RoF transmission systems, FiWi networking research on layer-2/3 related issues
has begun only very recently (Ghazisaidi and Maier [2011]). Recall from above that
introducing extended fiber links in wireless networks may have a detrimental or even
devastating impact on the throughput performance of distributed MAC protocols. Many
open issues related to the design of low-cost physical layer components and layer-2/3
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protocols and algorithms must be solved in order to render FiWi access networks com-
mercially viable. In the following, we describe some of the major challenges and open
issues of layer-2/3 protocols and algorithms in future RoF and R&F based FiWi access
network architectures.

• Integrated channel assignment and bandwidth allocation
To improve bandwidth-efficiency, powerful load balancing and reconfiguration tech-
niques may be used in FiWi networks. In a FiWi access network, both bandwidth
(of the fiber medium) and spectrum (of the wireless medium) must be dynamically
allocated to provide better service to hotspot base stations and access points. The
design of integrated dynamic bandwidth and spectrum allocation algorithms with
good scalability is an open issue.

• Integrated path selection
An open issue is the design of logical topologies of reconfigurable optical back-
haul networks such that the number of required handovers especially for high-speed
mobile customers can be decreased or avoided completely. In this context, the design
of dynamic integrated path selection algorithms is an open issue.

• Optical burst assembly and wireless frame aggregation
High-throughput next-generation 802.11n WLANs use two frame aggregation
schemes known as aggregate MAC protocol data unit (A-MPDU) and aggregate
MAC service data unit (A-MSDU), which can be used separately or jointly to
increase the MAC throughput. EPON does not support frame aggregation. The bene-
fit of one-level and/or two-level aggregation in EPON and converged EPON-WLAN
networks is an open issue. To provide quality-of-service (QoS) and bandwidth-
efficiency of FiWi networks, the design of hierarchical optical burst assembly and
wireless frame aggregation schemes represents a promising avenue for future FiWi
research.

• Flow and congestion control
The bandwidth disparity between optical and wireless transmission media poses
challenges at the network level. Traffic transiting from the optical to the wireless
network could exceed its capacity and congest the wireless network, leading to sig-
nificant buffer overflows and packet retransmissions. Developing appropriate flow
and congestion control methods at the optical–wireless interface node to maximize
network throughput is an open issue.

10.4 Summary

Hybrid optical–wireless FiWi networks form a powerful future-proof platform that pro-
vides a number of advantages. Introducing optical fiber into broadband wireless access
networks helps relieve emerging bandwidth bottlenecks in today’s wireless backhaul
due to increasing traffic loads generated by new applications, e.g., iPhone. By simulta-
neously providing wired and wireless services over the same infrastructure, FiWi net-
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works are able to consolidate (optical) wired and wireless access networks that are usu-
ally run independently of each other, thus potentially leading to major cost savings.

The few testbeds in existence or under development present a fraction of the possi-
bilities existing in the integrated design of FiWi networks. By seamlessly converging
optical and wireless access technologies, FiWi access networks hold great promise to
support a plethora of future and emerging broadband services and applications on the
same infrastructure. We briefly summarized the state of the art of enabling RoF and
R&F technologies. Many open issues related to the design of low-cost physical layer
components and layer-2 protocols and algorithms must be solved in order to render
FiWi access solutions commercially viable. We highlighted two recent RoF and R&F
testbeds and outlined future challenges and opportunities related to hybrid MAC proto-
cols, integrated path selection, integrated channel assignment and bandwidth allocation,
optical burst assembly and wireless frame aggregation, as well as flow and congestion
control.

More interestingly, and certainly somewhat controversially, by paving all the way to
and penetrating into homes and offices with high-capacity fiber and connecting wire-
less laptops and handhelds with high-throughput WiFi technologies to high-speed opti-
cal wired networks, FiWi networks give access to the ever increasing processing and
storage capabilities of memory and CPUs of widely used desktops, laptops, and other
wireless handhelds, e.g., Wii. Note that nowadays desktop and laptop computers com-
monly operate at a clock rate of 1 GHz with a 32-bit wide backplane, resulting in an
internal flow of 2–8 Gb/s with today’s limited hard drive I/O, while future desktops
and laptops are expected to reach 100 Gb/s by 2010 (Green [2006]). At present, these
storage and processing capabilities are quite often utilized only in part. After bridg-
ing the notorious first/last mile bandwidth bottleneck, research focus might shift from
bandwidth provisioning to the exploitation of distributed storage and processing capa-
bilities available in widely used desktops and laptops, especially as we are about to
enter the Petabyte age with sensors everywhere collecting massive amounts of data (wir
[2008]). An early example of this shift is the design of P2P on-line game architectures
that have begun to increasingly receive attention, where players’ computing resources
are utilized to improve the latency and scalability of networked on-line games, whose
groundbreaking technologies might also be used to realize the future 3D Internet. On
the other hand, in-house computer facilities might be replaced with computer utilities as
in-house generators were replaced with electrical utilities (Carr [2008]). Indeed, utility-
supplied computing, e.g., Google, will continue to have an increasing impact on society
and replace personal computer facilities unless new services and applications are devel-
oped that capitalize on them. Toward this end, it is important that FiWi networks are
built using low-cost, simple, open, and ubiquitous technologies that allow all end-users
to have broadband access and to create unforeseen services and applications that help
stimulate innovation, generate revenue, and improve the quality of our every-day lives,
while at the same time minimizing the associated technical, economical, societal, and
personal risks.
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In this chapter, we review recent radio-over-fiber (RoF) and radio-and-fiber (R&F)
based fiber-wireless (FiWi) network design proposals and discuss previously addressed
challenges. Beside cell-based RoF networks, we briefly describe a number of FiWi net-
work architectures, which can be classified based on their wireless access technologies:
WiMAX or WiFi. Table 11.1 summarizes previously proposed WiMAX and WiFi based
FiWi network architectures. While passive optical networks (PONs) can be widely
found in FiWi networks, wireless mesh networks (WMNs) have been used rarely so
far. As we will see shortly, different challenges have been addressed such as routing and
wireless channel assignment, which can be performed completely either in the wire-
less domain by the base station (BS) or access point (AP), or by an optical network
element, e.g., central office (CO) or optical line terminal (OLT). The level of provided
quality-of-service (QoS) largely depends on the performance of the implemented rout-
ing and resource management algorithms, including bandwidth allocation and chan-
nel assignment algorithms with absolute or relative QoS assurances. Reconfiguration is
another previously addressed challenging issue that involves resource management in
the wireless and/or optical part. For instance, as explained in greater detail below, in
the unidirectional ring/PON architecture of Table 11.1, highly loaded optical network
unit-wireless gateways (ONU-WGs) may be assigned to a lightly loaded PON by tuning
their optical transceivers to the wavelength assigned to the lightly loaded PON, resulting
in a decrease of network congestion and packet latency.

11.1 Cellular architectures

Cellular networks used for fast-moving users, e.g., train passengers, suffer from frequent
handovers when hopping from one BS to another one. The frequent handovers may
cause numerous packet losses, resulting in a significantly decreased network through-
put. An interesting approach to solving this problem is the use of an RoF network
installed along the rail tracks in combination with the so-called moving cell concept
(Lannoo et al. [2007]).



Table 11.1. Comparison of different FiWi network architectures.

Wireless Routing Channel
access PON WMN performed assignment Level Reconfiguration Protection
technology Architecture is used is used by by of QoS is provided is provided

WiMAX Independent Yes No BS BS Low No No
Hybrid Yes No ONU-BS ONU-BS Medium No No
Unified connection-oriented Yes No ONU-BS ONU-BS High No No
Microwave-over-fiber Yes No macro-BS macro-BS High Yes No

WiFi Unidirectional ring No No AP AP Medium Yes No
Bidirectional ring No No CO AP Low No Yes
Hybrid star-ring No No CO AP Medium Yes Yes
Unidirectional ring/PON Yes Yes ONU-WG ONU-WG High Yes Yes

BS: Base Station, AP: Access Point, WG: Wireless Gateway
ONU: Optical Network Unit, OLT: Optical Line Terminal, CO: Central Office
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11.1.1 Moving cell

Figure 11.1 depicts the moving cell-based RoF network architecture for train pas-
sengers. An optical wavelength division multiplexing (WDM) ring interconnects the
remote antenna units (RAUs) with the CO where all processing is performed. Each
RAU deploys an optical add-drop multiplexer (OADM) fixed tuned to a separate wave-
length channel. At the CO, a WDM laser generates the desired wavelengths, which are
optically switched and passed to an array of radio frequency (RF) modulators, one for
each RAU. The modulated wavelengths are multiplexed onto the optical fiber ring and
received by each addressed RAU on its assigned wavelength. An RAU retrieves the RF
signal and transmits it to the antennas of a passing train. In the upstream direction, the
RAU receives all RF signals and sends them to the CO for processing. By processing
the received RF signals, the CO is able to keep track of the train location and identify
the RAU closest to the moving train. It then assigns downstream RF signals to the cor-
responding RAU such that the train and moving cells move along in a synchronous
fashion.

11.1.2 Moving extended cell

Recently, the moving extended cell concept was proposed to provide connectivity for
any possible direction (Pleros et al. [2009]). The fiber optic network becomes a means
for speedy handoff between base stations that serve the mobile users. A hybrid fre-
quency division multiplexing (FDM)/WDM network architecture was used to support
the delivery of multiple RF channels in the 60 GHz frequency band over the same
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wavelength. The extended cell involves the current user’s cell and the surrounding cells
ensuring connectivity for any random direction. The extended cell is adaptively restruc-
tured when the user enters a new cell. It was shown that the proposed concept can
provide zero packet loss and call dropping probability in high-rate wireless services for
a wide range of mobile speeds of up to 40 m/s, independently of the fiber link distances.

11.1.3 Outdoor vs. indoor

RoF networks are attractive since they provide transparency against modulation
techniques and are able to support various digital formats and wireless standards in
a cost-effective manner. While single-mode fibers (SMFs) are typically found in out-
door optical networks, many buildings have preinstalled multimode fiber (MMF) cables.
Cost-effective MMF-based networks can be realized by deploying low-cost vertical
cavity surface emitting lasers (VCSELs). Apart from realizing low-cost microcellular
radio networks, optical fibers can also be used to support a wide variety of other radio
signals. In (Das et al. [2006]), a low-cost MMF network was experimentally tested to
demonstrate the feasibility of indoor radio-over-MMF networks for the in-building cov-
erage of second-generation and third-generation cellular radio networks as well as IEEE
802.11b/g wireless local area network (WLAN).

11.2 WiMAX-based architectures

11.2.1 Integrated EPON-WiMAX

The integration of Ethernet PON (EPON) and WiMAX access networks can be achieved
in several ways. According to (Shen et al. [2007]), the following four architectures can
be used:

• Independent architecture
In this approach, WiMAX base stations serving mobile client nodes are attached to
an ONU just like any other wired subscriber node. WiMAX and EPON networks
are connected via a common standardized interface, e.g., Ethernet, and operate
independently of each other.

• Hybrid architecture
This approach introduces an ONU-base station (ONU-BS) that integrates the EPON
ONU and WiMAX BS in both hardware and software. The integrated ONU-BS
controls the dynamic bandwidth allocation of both ONU and BS.

• Unified connection-oriented architecture
Similar to the hybrid architecture, this approach deploys an integrated ONU-BS.
But instead of carrying Ethernet frames, WiMAX medium access control (MAC)
protocol data units (PDUs) containing multiple encapsulated Ethernet frames are
used. By carrying WiMAX MAC PDUs, the unified architecture can be run like
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a WiMAX network with the ability to grant bandwidth finely using WiMAX’s
connection-oriented rather than EPON’s queue-oriented bandwidth allocation.

• Microwave-over-fiber architecture
In this approach, the WiMAX signal is modulated on a wireless carrier frequency and
is then multiplexed and modulated together with the baseband EPON signal onto a
common optical frequency (wavelength) at the ONU-BS. The central node consists
of a conventional EPON OLT and a central WiMAX BS, called macro-BS. The OLT
processes the baseband EPON signal, while the macro-BS processes data packets
originating from multiple WiMAX BS units.

11.2.2 SuperMAN

Figure 11.2 depicts the SuperMAN architecture, which builds on an all-optical Ethernet-
based access-metro network, described at length in (Maier et al. [2007]), extended with
optical–wireless interfaces to next-generation WiFi and WiMAX networks. SuperMAN
is a QoS-aware R&F access-metro network whose optical part consists of an IEEE
802.17 resilient packet ring (RPR) metro network that interconnects multiple WDM
upgraded EPON access networks. Each WDM EPON has a tree topology, with the
OLT at the tree root being collocated with one of the RPR ring nodes. The optical
access-metro network lets low-cost PON technologies follow low-cost Ethernet tech-
nologies from access networks into metro networks by interconnecting the P OLTs
with a passive optical WDM star subnetwork whose hub consists of a passive ather-
mal wavelength-routing P × P arrayed-waveguide grating (AWG) in parallel with a
wavelength-broadcasting P × P passive star coupler (PSC). The two types of optical–
wireless interface in SuperMAN involve the integration of (i) RPR with WiMAX and
(i i) EPON with next-generation WiFi (to be described in Chapter 16).

Figure 11.3 depicts the optical–wireless interface between an RPR metro ring node
and a WiMAX access network, where the so-called integrated rate controller (IRC)
(shaded in Fig. 11.3) plays a key role in integrating the two networks (Ghazisaidi et al.
[2009]). It comprises a BS controller, a traffic class mapping unit, a central processing
unit (CPU), and a traffic shaper. The IRC is used to seamlessly integrate both networks
and jointly optimize the RPR scheduler and WiMAX downlink (DL)/uplink (UL) sched-
ulers. The BS controller is responsible for handling incoming and outgoing WiMAX
traffic, besides providing handover for subscriber stations (SSs) between different ring
nodes. The traffic class mapping unit is able to translate the different WiMAX schedul-
ing services and RPR traffic classes bidirectionally. The traffic shaper monitors the
control rates of RPR traffic and performs traffic shaping according to RPR’s fairness
policies. The CPU synchronizes the aforementioned units and controls the RPR and
WiMAX schedulers. More specifically, the CPU estimates the load of incoming traffic
from different domains and synchronizes the schedulers based on traffic monitoring.
RPR specifies the five traffic classes A0, A1, B-committed information rate (B-CIR),
B-excess information rate (B-EIR), and C, while WiMAX specifies the following five
scheduling services: unsolicited grant service (UGS), extended-real-time polling service



WDM EPON

RPR

SS

SSSS

WiMAX

SS

ONU AP

APAP

AP

STA

WiFi

WiFi

STA

ONU

ONU

ΛAWG

ΛPSC

ONU

ONU

Coupler

ONU

ONU

ONU

Coupler

Servers

Router

P2MP link

Internet

ONU

P2P link

ΛOLT

ΛAWG

Coupler

Passive optical
star subnetwork

WDM EPON

BS

CO

OLT

CO

RPR

CO

OLT

OLT

P x P PSC

P x P AWG

CO

Figure 11.2 SuperMAN architecture: integration of RPR and WiMAX.



11.3 WiFi-based architectures 133

Figure 11.3 Optical–wireless interface between RPR and WiMAX networks.

(ErtPS), real-time polling service (rtPS), non-real-time polling service (nrtPS), and best
effort (BE). RPR traffic classes and WiMAX scheduling services are mapped to each
other in the order they are listed above.

11.3 WiFi-based architectures

Besides the aforementioned integration approaches of EPON and WiMAX networks,
several other FiWi architectures based on WiFi technology have been studied, as
described in the following.

11.3.1 Unidirectional ring

The network shown in Fig. 11.4 interconnects the CO with multiple WiFi-based wire-
less APs by means of an optical unidirectional fiber ring (Muralidharan et al. [2007]).
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Figure 11.4 Optical unidirectional fiber ring interconnecting WiFi-based wireless access points.
After Muralidharan et al. c© 2007 IEEE.

The CO is responsible for managing the transmission of information between mobile
client nodes (MCNs) and their associated APs as well as acting as a gateway to other
networks. Each AP provides wireless access to MCNs within its range. All MCNs take
part in the topology discovery, whereby each MCN periodically sends the information
about the beacon power received from its neighbors to its associated AP. In doing so,
APs are able to estimate the distances between MCNs and compute routes. Multihop
relaying is used to extend the range. To enhance the reliability of the wireless link, the
CO sends information to two different APs (path diversity). The proposed implemen-
tation can support advanced path diversity techniques that use a combination of trans-
mission via several APs and multihop relaying, e.g., cooperative diversity or multihop
diversity. Consequently, the CO must be able to assign channels quickly and efficiently
by using one or more wavelength channels on the fiber ring to accommodate multiple
services such as WLAN and cellular radio network.

11.3.2 Bidirectional ring

Figure 11.5 shows a two-level bidirectional path-protected ring (BPR) architec-
ture for dense WDM (DWDM)/subcarrier multiplexing (SCM) broadband FiWi net-
works (Lin et al. [2003]). In this architecture, the CO interconnects remote nodes (RN)
via a dual-fiber ring. Each RN cascades APs through concentration nodes (CNs), where
each AP offers services to MCNs. For protection, the CO is equipped with two sets of
devices (normal and standby). Each RN consists of a protection unit and a bidirectional
wavelength add-drop multiplexer based on a multilayer dielectric interference filter.
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Figure 11.5 Optical interconnected bidirectional fiber rings integrated with WiFi-based wireless
access points. After Lin et al. (2003). c©2003 IEEE.

Each CN contains a protection unit. The AP comprises an optical transceiver, a protec-
tion unit, up/down RF converters, and a sleeve antenna. Each AP provides channel band-
width of at least 5 MHz and covers up to 16 MCNs by means of FDM. Under normal
operating conditions, the CO transmits downstream signals in the counter-clockwise
direction via RNs and CNs to the APs. If a fiber cut occurs between two RNs or between
two CNs, their associated controllers detect the failure by monitoring the received opti-
cal signal and then switch to the clockwise protection ring. If a failure happens at an AP,
the retransmitted signals are protection switched through other optical paths by throw-
ing an optical switch inside the affected AP. This architecture provides high reliability,
flexibility, capacity, and self-healing properties.

11.3.3 Hybrid star-ring

Figure 11.6 depicts a hybrid FiWi architecture that combines optical star and ring net-
works (Bhandari and Park [2006]). Each fiber ring accommodates several WiFi-based
APs and is connected to the CO and two neighboring fiber rings via optical switches.
The optical switches have full wavelength conversion capability and interconnect the
APs and CO by means of shared point-to-point lightpaths. The network is periodi-
cally monitored during prespecified intervals. At the end of each interval, the lightpaths
may be dynamically reconfigured in response to varying traffic demands. When traffic
increases and the utilization of the established lightpaths is low, the load on the exist-
ing lightpaths is increased by means of load balancing. Otherwise, if the established
lightpaths are heavily loaded, new lightpaths need to be set up, provided that enough
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Figure 11.6 Optical hybrid star-ring network integrated with WiFi-based wireless access points.
After Bhandari and Park (2006). c©2006 IEEE.

capacity is available on the fiber links. In the event of one or more link failures, the
affected lightpaths are dynamically reconfigured using the redundant fiber paths of the
architecture.

11.3.4 Unidirectional ring-PON

The FiWi network proposed in (Shaw et al. [2007a]) consists of an optical WDM back-
haul ring with multiple single-channel or multichannel PONs attached to it, as shown
in Fig. 11.7. More precisely, an OADM is used to connect the OLT of each PON to the
WDM ring. Wireless gateways are used to bridge PONs and WMN. In the downstream
direction, data packets are routed from the CO to the wireless gateways through the
optical backhaul and are then forwarded to the MCNs by wireless mesh routers. In the
upstream direction, wireless mesh routers forward data packets to one of the wireless
gateways, where they are then transmitted to the CO on one of the wavelength chan-
nels of the optical backhaul WDM ring, as each PON operates on a separate dynami-
cally allocated wavelength channel. Since the optical backhaul and WMN use different
technologies, an interface is defined between each ONU and the corresponding wire-
less gateway in order to monitor the WMN and perform route computation taking the
state of wireless links and average traffic rates into account. When the traffic demands
surpass the available PON capacity, some of the single-channel time division multiplex-
ing (TDM) PONs may be upgraded to WDM PONs. If some PONs are heavily loaded
and others have less traffic, some heavy-loaded ONUs may be assigned to a lightly
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Figure 11.7 Optical unidirectional WDM ring interconnecting multiple PONs integrated with a
WiFi-based wireless mesh network. After Shaw et al. (2007a). c©2007 IEEE.

loaded PON by tuning their optical transceivers to the wavelength assigned to the lightly
loaded PON. This architecture provides cost-effectiveness, bandwidth efficiency, wide
coverage, high flexibility, and scalability. In addition, the reconfigurable TDM/WDM
optical backhaul helps reduce network congestion and average packet latency by means
of load balancing. Moreover, the dynamic allocation of radio resources enables cost-
effective and simple handovers.

11.4 Summary

We briefly summarized the state of the art of FiWi network architectures and previously
addressed challenges. The few testbeds in existence or under development present a
fraction of the possibilities existing in the integrated design of FiWi broadband access
networks. FiWi networks become rapidly mature and give rise to new powerful access
network solutions and paradigms. We have observed that research and development of
future FiWi network architectures and protocols have made significant progress, but
many open issues mostly related to the design of low-cost components, integrated rout-
ing, end-to-end service differentiation, and resiliency must be solved in order to render
FiWi access solutions commercially viable.



12 Network planning and reconfiguration

To maximize the performance of FiWi networks and minimize their deployment costs,
network planning and reconfiguration play a key role in achieving these design objec-
tives. In this chapter, we describe a number of algorithms that help solve important
FiWi network planning problems related to the optimal placement of optical network
units (ONUs), mitigation of the detrimental impact of wireless interferences for peer-
to-peer communications between wireless end-users, and architectural modifications for
the support of direct inter-ONU communications. Furthermore, we discuss previously
proposed reconfigurable FiWi network architectures that are able to respond to varying
traffic loads.

12.1 ONU placement

The optimal placement of ONUs is an important design objective of FiWi networks due
to the fact that the cost of laying optical fiber is significantly higher than that of devices
attached to either end of the optical fiber, e.g., optical line terminal (OLT).

Several heuristics to solve the problem of optimally placing ONUs in a FiWi access
network consisting of a passive optical network (PON) in tandem with a WiFi- or
WiMAX-based wireless mesh network (WMN) were studied in (Sarkar et al. [2008]).
The first proposed heuristic is a greedy algorithm that aims at finding a suitable place-
ment of multiple ONUs to minimize the average Euclidean distance between wireless
end-users and their closest ONU, i.e., this heuristic targets only the wireless front-end
and does not take the fiber layout of the optical backhaul into account. The greedy algo-
rithm starts with a given distribution of wireless end-users, which might be randomly
or deterministically chosen, and consists of two phases. In the first phase, the algorithm
identifies the primary ONU (i.e., closest ONU) for each wireless end-user. In the second
phase of the algorithm, for each primary ONU a set of wireless end-users is obtained
such that the distances between the ONU and its wireless end-users are minimized. The
performance of the proposed greedy algorithm was evaluated in the Wildhorse neigh-
borhood of North Davis, California, under the assumption of random and deterministic
ONU placement. The presented results show that the greedy algorithm performs better
for deterministic than for random ONU placement. The second proposed heuristic opti-
mizes the placement of ONUs by means of simulated annealing, a widely used com-
binatorial optimization technique. For a given initial ONU distribution, this heuristic
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perturbs one of the high-cost ONUs to achieve a cost improvement in terms of average
Euclidean distance between ONUs and wireless end-users. For each successful pertur-
bation, wireless end-users are re-assigned to their nearest ONU. The reported results
show that simulated annealing is able to achieve an overall cost improvement of typi-
cally close to 5% compared with the aforementioned greedy algorithm. Unlike the two
previous algorithms, the third proposed heuristic also considers the cost of the fiber lay-
out from ONUs to the OLT as well as interference in the wireless front-end. Toward
this end, the proposed heuristic deploys the wireless access points (or base stations)
uniformly, determines their transmission radius, and assigns channels to them such that
the carrier-to-interference ratio does not drop below a certain threshold. After deploying
the access points, the heuristic determines the number of ONUs needed to support the
access points and deploys the ONUs according to the above described greedy algorithm.
Finally, the heuristic finds a minimum-cost spanning tree to lay fiber from the OLT to
all ONUs.

A powerful mixed integer programming (MIP) model for the optimum placement
of ONUs and WiMAX base stations (BSs) in a PON/WiMAX-based FiWi network
was developed in (Sarkar et al. [2007b, 2009]). The presented MIP model minimizes
the number of deployed ONUs and BSs by saving costs and reducing the interference
among multiple BSs and nearby wireless users. Specifically, the objective is to minimize
the total installation cost of all ONUs and BSs required, including the cost of connect-
ing the BSs to an ONU by means of optical fiber. Furthermore, the MIP problem takes
into account a wide range of important constraints with regard to user assignment, ONU
installation, BS installation, capacity, channel assignment, as well as signal quality and
interference. More precisely, each wireless user is associated with at most one BS and
the distance between a given wireless user and its associated BS must be within the
transmission range of that BS. Moreover, the number of channels assigned to each BS
is large enough to serve its wireless users, while not exceeding the upper bound of chan-
nels assigned to any BS. Each BS must be connected to only one ONU and the capacity
of each ONU is large enough to serve all traffic generated by its attached BS. Finally,
the quality of the wireless signal has to be at least the threshold of an acceptable carrier-
to-interference ratio. For tractability, the authors used Lagrangean relaxation to relax
some of the constraints and solve the MIP problem with acceptable accuracy. The pre-
sented simulation results indicate that the ONU/BS placement problem is quite sensitive
to a number of parameters, e.g., number of available wireless channels and wireless user
coverage ratio.

12.2 Inter-ONU communications

12.2.1 Peer-to-peer communications

In FiWi networks, traffic may go from wireless end-users to the Internet or from one
wireless client to another wireless client. In the former case, the throughput of FiWi
networks is limited by the bandwidth bottleneck and interferences of communications
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in the wireless subnetwork. In the latter case, the bimodal nature of FiWi networks pro-
vides an opportunity to mitigate the detrimental impact of wireless interferences on the
network throughput for peer-to-peer communications between two wireless end-users.
In FiWi networks, peer-to-peer traffic can be carried in two ways: (i) either through
the wireless front-end only, or (i i) along a wireless–optical–wireless path (Zheng et al.
[2009b]). As shown in Fig. 12.1, suppose that wireless mesh client a wants to commu-
nicate with mesh client b. The resultant peer-to-peer traffic can be routed either through
the multi–hop wireless path within the wireless subnetwork or through the wireless–
optical–wireless path, whereby traffic is first sent from mesh client a via its associated
mesh router A to its closest ONU 1 and is then forwarded upstream to the OLT. Subse-
quently, the OLT broadcasts the traffic downstream to all ONUs. Each receiving ONU
determines to discard or forward the traffic according to the location of the destination
mesh client. In our example, ONU 4 is closest to destination mesh client b and thus
ONU 4 will forward the arriving traffic to b via its associated mesh router B, while all
remaining ONUs discard the traffic coming from the OLT. Note that traffic forwarded
along the wireless–optical–wireless path alleviate interferences in the wireless front-
end, thereby allowing more traffic to be carried in the wireless segment and resulting in
an increased network throughput. Also note that the capacity of the PON is much higher
than that of the wireless front-end such that peer-to-peer traffic can be easily carried in
the optical backhaul without suffering from any serious throughput penalty.

Clearly, to exploit the benefits of steering peer-to-peer traffic along optical–wireless–
optical paths, the placement of ONUs has a great impact on the achievable throughput
of FiWi networks. In (Zheng et al. [2009b]), the ONU placement was optimized with
the objective to maximize the throughput of FiWi networks for peer-to-peer commu-
nications, assuming that single-radio single-channel wireless routers are deployed and
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ONUs can communicate with each other by sending traffic to the OLT, which in turn
broadcasts traffic back to all ONUs. Given the location of the wireless mesh routers,
the optimal placement of K ONUs was found with the objective of minimizing the
total number of required wireless hops. Once the location of the K ONUs is fixed, each
wireless node calculates the shortest path (in terms of hops) within the wireless mesh
front-end to each ONU and selects the ONU with the minimal hop count. To solve this
optimization problem, the authors applied a tabu search based heuristic, a widely used
metaheuristic algorithm for solving combinatorial problems. The presented simulation
results show that under different network sizes the proposed tabu search heuristic out-
performs random and fixed ONU placement schemes in terms of achievable network
throughput, especially for an increasing number of ONUs.

12.2.2 FiWi vs. WMN networks

To measure the network throughput gain in FiWi networks, a linear programming based
routing algorithm was proposed in (Zheng et al. [2009a]). The objective of the routing
algorithm is to route traffic in the FiWi network such that network throughput is maxi-
mized. The proposed optimal routing algorithm yields a bound on the throughput gain
in FiWi networks. Extensive simulations were conducted to study the network through-
put gain in FiWi networks under peer-to-peer traffic among wireless mesh clients and
compare the achievable throughput gain with conventional WMNs without any optical
backhaul. The presented simulation results show that the network throughput gain of
FiWi networks is zero compared with traditional WMNs when all traffic is destined
to the Internet, i.e., no peer-to-peer traffic, since the interference in the wireless front-
end is the major bandwidth bottleneck. In other words, when all the traffic goes to the
Internet, the throughput of FiWi networks is the same as that of traditional WMNs.
However, with increasing peer-to-peer traffic the interferences in the wireless mesh
front-end increase and the throughput of WMNs decreases dramatically. In contrast, the
throughput of FiWi networks decreases to a much lesser extent for increasing peer-to-
peer traffic due to the above described wireless–optical–wireless communications mode
of FiWi networks. Thus, these findings show FiWi networks are particularly beneficial
for supporting peer-to-peer communications among wireless mesh clients and are able
to achieve a significantly higher network throughput than conventional WMNs.

12.2.3 Direct inter-ONU communications

The throughput-delay performance of FiWi networks for peer-to-peer communications
can be further improved by means of direct inter-ONU communications. In conven-
tional PONs, inter-ONU communications is done via the OLT. In (Li et al. [2010b]), a
new wavelength division multiplexing/time division multiplexing (WDM/TDM) PON-
based FiWi network architecture was proposed and investigated to enable direct inter-
ONU communications without going through the OLT. The proposed WDM/TDM PON
architecture requires major hardware extensions at the OLT, ONUs, and remote node.
More specifically, the OLT is equipped with an array of fixed-tuned transmitters and an
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array of fixed-tuned receivers, each operating on a different dedicated wavelength chan-
nel, for transmitting and receiving data to and from the ONUs. Each ONU deploys a
fixed-tuned transmitter and fixed-tuned receiver at dedicated upstream and downstream
wavelength channels. In addition, each ONU uses a tunable transmitter and a fixed-
tuned receiver for inter-ONU communications. The inter-ONU traffic from all ONUs
are combined into one fiber by means of a passive combiner, which is attached to one of
two input ports of an arrayed-waveguide grating (AWG). Both the combiner and AWG
are located at the remote node of the WDM/TDM PON. The second input port of the
AWG is used to interconnect the OLT with the ONUs for communications between
the OLT and ONUs. The additional transceiver enables ONUs to send data directly to
each other across the AWG rather than going through the OLT, resulting in an improved
throughput-delay performance under peer-to-peer traffic. On the downside, it must be
mentioned that the proposed architecture is quite complex and costly. Not only do the
required tunable transmitters add to the complexity and cost of each ONU but also opti-
cal amplifiers might become necessary to compensate for the coupling and insertion
losses of the inserted combiner and AWG, thereby violating the unpowered nature of
PONs and cost-sensitivity of access networks in general.

12.3 Reconfiguration

In Section 11.3.4, we introduced an optical unidirectional WDM ring interconnecting
multiple PONs integrated with a WiFi-based WMN (see Fig. 11.7). To adapt the consid-
ered FiWi network to traffic changes in different districts, reconfigurability was imple-
mented in the optical backhaul (Shaw et al. [2007a, 2008]). Instead of overprovisioning
based on the peak traffic demand, it is desirable to reallocate bandwidth among multiple
PONs by utilizing tunable transceivers at the ONUs. For instance, let us assume that two
PONs share the same optical tree subnetwork and one PON is highly loaded while the
other PON is not, then by tuning the transmitting and receiving wavelengths of a highly
loaded ONU associated with the former PON the ONU is enabled to join the latter
lightly loaded PON in order to achieve load balancing between the two PONs. Toward
this end, in the central hub of the FiWi network a network terminal continually moni-
tors the buffer depth of each OLT for the downstream traffic. As a PON becomes heavily
loaded, as indicated by the corresponding OLT buffer depth, the heavily loaded PON is
instructed to deregister some ONUs and reregister them to the lightly loaded PON(s).
Before an ONU is deregistered, its packets queued at the OLT will first be emptied.
After an ONU is deregistered, the incoming traffic to that ONU is temporarily stored
at the network terminal until the reregistration is achieved. To reduce the overhead of
slow transceiver tuning times during reconfiguration and increase network throughput,
the buffer size may be increased and a higher threshold for the reconfiguration trigger
may be set, at the expense of longer queueing delays in the buffer.

Note that the above described reconfigurable FiWi network is referred to as the
MARIN hybrid optical–wireless access network in (Shaw et al. [2007b]). However, the
same authors also used the term MARIN to denote a reconfigurable all-optical access-
metro backhaul network, as explained next.
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12.3.1 MARIN

The so-called metro access ring integrated network (MARIN) optically integrates hybrid
TDM/WDM PONs into interconnected metro access ring networks by using opti-
cal reconfigurable and parametric wavelength conversion (PWC) devices (Shaw et al.
[2006]). Specifically, MARIN consists of multiple interconnected metro access dense
WDM (DWDM) rings. Each metro access ring has its own central office (CO) that
schedules the distribution/collection of traffic to/from attached PONs, coordinates with
COs of other metro access rings to forward metropolitan area network (MAN) traffic,
and interfaces with the metro core network at the higher level of the network hierar-
chy. The CO deploys tunable lasers whose configuration is done according to given
traffic loads in the metro access rings and attached PONs. Each PON in a given metro
access DWDM ring is addressed on a separate set of wavelength channels. Two differ-
ent types of network nodes are used in the metro access DWDM ring: (i) the MARIN
gateway, and (i i) the MARIN switch. A MARIN gateway drops the wavelengths carry-
ing downstream traffic destined for the attached PON subscribers. At a MARIN switch,
wavelengths that carry in-transit MAN traffic are all-optically routed using a reconfig-
urable wavelength-selective switch (WSS) and PWC. PWC allows for the any-to-any
conversion of multiple wavelengths (wavelength set) at the same time.

In the resultant all-optical MARIN network, PON resources can be shared and lever-
aged by metro access ring networks. More specifically, a MARIN gateway can dynam-
ically share light sources that were originally used to serve only the attached access
network, resulting in a more efficient utilization of network resources and improved
network performance (Wong et al. [2007]). Figure 12.2 depicts the architecture of a
MARIN gateway, which is able to utilize idle or over-provisioned tunable transmit-
ters (TTs) of the attached WDM PON through a passive AWG wavelength router. The
MARIN gateway is able to add/drop metro traffic on wavelength channel λL deployed in
legacy single-channel ring networks, e.g., SONET/SDH or resilient packet ring (RPR).
In MARIN, the legacy wavelength channel λL may also be used as a control chan-
nel for wavelength reservation in support of quality-of-service (QoS) and optical burst
switching (OBS). In addition, the MARIN gateway is able to add metro traffic on any
wavelength channel λM of the DWDM ring by using one of the available TTs and drop
metro traffic on a dedicated home wavelength channel λ1, whereby each MARIN gate-
way is assigned a different home wavelength channel for reception of metro ring traffic.
A frequency-cyclic AWG in conjunction with a number of TTs are used to improve
network scalability and flexibility. The frequency-cyclic AWG is used as a wavelength
router to dynamically share TTs and wavelengths between the metro access ring and the
attached WDM PON.

12.3.2 GROW-Net

The so-called grid reconfigurable optical–wireless network (GROW-Net) is a scal-
able municipal FiWi network architecture that adapts the street layout in a city and
makes use of available dark fibers readily available in urban areas (Shaw et al. [2009],
Wong et al. [2009]). The design objectives of GROW-Net are to provide scalability in
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terms of bandwidth and allow for infrastructure extensibility. The basic building block
of GROW-Net is the grid-cell, which provides the backbone fiber connectivity to wire-
less gateways. The optical fiber backbone infrastructure is extensible using the proposed
H-tree partitioning process, whereby at each stage of the process the spacing between
two adjacent WMN routers is reduced by 50% and optical terminals are inserted and
interconnected by means of optical WDM links that are laid out in an H-shape. In the
downstream direction, the central hub of GROW-Net deploys a tunable laser, which can
reach different optical terminals by tuning the laser to the respective wavelength chan-
nel supported by the intended optical terminal. Each optical terminal is equipped with a
thin film filter (TFF) that lets pass only the corresponding wavelength channel of a given
optical terminal. In the upstream direction, each optical terminal is made colorless by
deploying a reflective semiconductor optical amplifier (RSOA) for remote modulation
of a continuous wavelength signal sent by the central hub. GROW-Net is able to achieve
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increased fiber protection compared with conventional tree-based PONs due to its mesh
topology.

12.4 Summary

We have reviewed several heuristics to solve the problem of optimally placing ONUs
in FiWi networks that are based on integrated PON and WiFi- or WiMAX-based WMN
networks. The presented heuristics aim at meeting a number of different objectives,
including minimizing the average Euclidean distance between wireless end-users and
their closest ONUs, determining the number of required ONUs, finding a minimum-
cost spanning tree to lay fiber from the OLT to all ONUs, and reducing the interference
among access points/base stations and nearby wireless users. We have seen that FiWi
networks provide an opportunity to mitigate the detrimental impact of wireless inter-
ferences on the network throughput for peer-to-peer communications between wireless
end-users without suffering from any serious throughput penalty on the optical back-
haul. In fact, FiWi networks are particularly beneficial for supporting peer-to-peer com-
munications among wireless mesh clients and are able to achieve a significantly higher
network throughput than conventional WMNs. FiWi networks can effectively adapt to
traffic changes in different areas by rendering the optical backhaul reconfigurable and
sharing PON resources such as tunable transmitters in all-optically integrated metro
access networks.



13 Techno-economic analysis

Recently, various fiber-wireless (FiWi) network architectures have been investigated by
integrating different optical and wireless technologies. While introducing optical fiber
at higher network layers, e.g., aggregation layer, helps alleviate emerging bandwidth
bottlenecks, the last hop is expected to be wireless for ubiquity and convenience, e.g.,
low-cost wireless home area networks (HANs) (He et al. [2008]). Between these two
FiWi network hierarchy levels lies the “sweet spot” where optical technologies inter-
face with their wireless counterparts. Two important sweet-spot technologies that play
a key role in emerging FiWi networks are Ethernet passive optical network (EPON)
and WiMAX. Clearly, EPON and WiMAX networks may be cascaded, as proposed
in (Shen et al. [2007]). However, given the similarities of EPON and WiMAX (e.g.,
point-to-multipoint topology with a central control station performing dynamic band-
width allocation (DBA) by means of centralized polling and scheduling) we argue that
the two technologies are more likely to target the same network segment rather than
being cascaded to cover different network segments. In other words, we expect that net-
work operators will make a choice between EPON and WiMAX depending on a number
of factors, e.g., right-of-way, and elaborate on the techno-economic comparison of the
two technologies.

For the comparison of wired and wireless network technologies various techno-
economic evaluation techniques have been proposed, as we will see shortly. Dur-
ing the last decade, the techno-economic evaluation of various network technologies
has been an active research area. To meet the different requirements of emerging
network services, a service migration cost analysis was presented in (Shayani et al.
[2008]). The cost modeling of the migration from best-effort access networks to multi-
service Quality-of-Service (QoS) enabled access networks based on Ethernet and asyn-
chronous transfer mode (ATM) was proposed in Monath and Kind [2007]. The obtained
results show that deployment cost savings can be achieved by using Ethernet-based
access network architectures. It is important to note that most of the previous techno-
economic evaluations focused either on optical fiber only (e.g., Weldon and Zane [2003]
and Tran et al. [2005]) or wireless only network architectures (e.g., Niyato and Hossain
[2007]). Up to date, only a few preliminary techno-economic evaluations of FiWi
networks have been reported. A cost comparison of VDSL and a FiWi architecture
consisting of cascaded EPON and WiMAX networks was carried out in (Lin et al.
[2007b]). The obtained results indicate the superior cost-efficiency of FiWi networks
over conventional VDSL solutions. In (Chowdhury et al. [2008]), a deployment cost
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comparison of wired (i.e., xDSL and cable modem), optical fiber, WiFi, and inte-
grated EPON and WiMAX/WiFi network architectures was made. The reported results
show that a hybrid FiWi network architecture (consisting of EPON and WiMAX) rep-
resents a cost-effective solution for future broadband urban area networks. Different
FiWi network design heuristics were investigated in terms of processing time, com-
plexity, and installation cost in (Sarkar et al. [2007a]). The optimum real-estate cost
deployment of optical network units (ONUs) in integrated FiWi networks was studied
in (Sarkar et al. [2006]) and (Sarkar et al. [2007b]). Despite these preliminary studies,
a more thorough techno-economic evaluation of FiWi networks is necessary in order
to gain deeper insights into the design, configuration, and performance optimization of
emerging FiWi networks that are based on EPON and/or WiMAX technologies. Toward
this end, we are going to first introduce the various components of total cost of network
ownership. We then perform a comparative techno-economic analysis of EPON and
WiMAX and present insightful results, including recently standardized IEEE 802.3av
10 Gb/s EPON and 802.16m 1 Gb/s WiMAX networks. We refer the interested reader
to (Ghazisaidi and Maier [2010]) for more detailed information.

13.1 Total cost of network ownership

The total network deploying expenditures for network operators are called total cost of
network ownership (TCO). Typically, TCO is categorized into: (i) capital expenditures
(CAPEX) and (i i) operational expenditures (OPEX). In this section, we provide a gen-
eral overview of the most important TCO components widely considered in previous
techno-economic network studies.

13.1.1 CAPEX

CAPEX consist of initial network equipment and network installation costs, network
infrastructure costs (e.g., cabling and right-of-way), and network management system.
Additionally, CAPEX cover the upgrading and protection of spare network equipment
and installation costs. The first-time installation cost is covered by CAPEX, in case it
should be done by network operators. We note that the first-time installation is usually
done by the equipment vendors. Non-telecom costs such as building and furniture costs
are usually considered part of network CAPEX (Machuca [2006]).

13.1.2 OPEX

OPEX comprise network operation, administration, and maintenance (OAM) costs.
More specifically, OPEX cover the network power consumption and equipment cool-
ing, troubleshooting, repairing, service (i.e., service provisioning and management), and
human resource costs, e.g., wages and salaries. The non-telecom costs, e.g., room air-
conditioning and heating, are defined as network OPEX (Machuca [2006]). According
to (Verbrugge et al. [2005]), the network OPEX may be classified as follows:



148 Techno-economic analysis

• OPEX for setting up a network: which include in-advance planning cost, e.g., ini-
tial network planning cost and travel cost for contacting and negotiating with differ-
ent equipment vendors.

• OPEX to operate an existing network: which comprise the continuous cost of
infrastructure (e.g., power consumption and cooling costs), maintenance cost, fail-
ure reparation cost, provisioning and service management cost, pricing and billing
cost, operational network planning cost (e.g., day-to-day planning, re-optimization,
and upgrade planning), and marketing cost.

• Non-telecom OPEX: which include the continuous infrastructure cost (e.g., leasing)
and specific administration cost, such as employees’ payments and human resource
operations.

13.2 Comparative analysis of EPON and WiMAX

In this section, we introduce a novel techno-economic model, where the initial net-
work deployment costs are considered as network CAPEX, while power consump-
tion, cooling, and repair costs are considered as network OPEX. In our approach, we
do not consider the optimum real-estate cost deployment of EPON ONUs, since it is
expected that the ONUs are located according to given residential or business sub-
scribers’ preferences. Instead, three different terrain types (i.e., urban, suburban, and
rural) are defined to investigate the impact of network population density. Various ter-
rain types and population densities are considered to evaluate the performance of our
proposed techno-economic model for both EPON and WiMAX. Additionally, we con-
sider the high-speed IEEE standards 802.3av 10 Gb/s EPON and 802.16m, also known
as ultra-high-bandwidth WiMAX, which aims at providing 1 Gb/s for fixed subscriber
stations (SSs) and 100 Mb/s for mobile SSs.

13.2.1 Techno-economic model

Figure 13.1 illustrates our proposed techno-economic model for the comparative analy-
sis of EPON and WiMAX. It consists of the following modules:

• Scenario description: this defines various network deployment scenarios and terrain
type conditions (i.e., urban, suburban, and rural).

• Technological constraints: this module determines the technological limitations of
a given scenario, such as the maximum distance between OLT and ONUs in EPON.

• Initial network infrastructure: this designs the initial network infrastructure of a
given scenario with given constraints of the applied technology.

• Cost-modeling techniques: this module includes the cost-modeling methods used
in the subsequent cost-efficient network design.

• Cost-efficient network design: this module modifies or redesigns the initial network
infrastructure making use of the cost-modeling techniques module.

• Cost calculation: this calculates the network costs, which are categorized into:
(i) CAPEX and (i i) OPEX.
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13.2.2 Techno-economic evaluation

In the following, the proposed techno-economic evaluation techniques for both EPON
and WiMAX are discussed in greater detail.

EPON
In previous studies (Weldon and Zane [2003], Tran et al. [2005], Lin et al. [2007b]),
ONUs were located equidistantly l meters from each other. In contrast, we allow
ONUs to be uniformly randomly distributed in a square cell, whose dimensions
are determined based on the given terrain type (urban, suburban, or rural), whereby
lrural>lsuburban>lurban denote the maximum distance of a pair of adjacent ONUs for
the respective terrain type. Unlike previous studies, our ONU localization approach
allows us to examine more realistic EPON deployment scenarios where ONUs may
be placed at different distances, depending on the terrain type and population den-
sity. Note that our ONU placement scheme includes the equidistant scenario as a spe-
cial case.

Different network configurations can be designed for the above-mentioned scenarios
subject to the technological constraints of EPON. Next, we introduce the maxi-
mum cost-sharing approach as a cost-modeling technique for our proposed techno-
economic model. The maximum cost-sharing technique aims at minimizing the length
of the required distribution fibers (between remote node (RN) and ONUs). In this
approach, the position of the OLT is fixed and the distance between the optical
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line terminal (OLT) and ONUs is used as an important parameter in cost model-
ing (Weldon and Zane [2003]). The costs of deploying EPON with ONUs being located
at different ranges from the OLT are calculated as follows. In our cost-efficient net-
work design, we consider the technological constraints of EPON, such as maximum
distance between OLT and ONUs. The CAPEX (given in US $) of the designed EPON is
given by

CE P O N = CO LT + CO LT −RN + CRN + CRN−O NU + nO NU · CO NU , (13.1)

where CO LT , CRN , and CO NU denote the equipment and installation costs of the OLT,
RN, and ONU, respectively, and nO NU denotes the number of ONUs. CO LT −RN and
CRN−O NU denote the cabling (i.e., trenching, ducting, and optical fiber) costs of feeder
and distribution fibers, respectively.

In our approach, the power consumption of network equipment is considered a major
permanent OPEX component. Note that the power consumption of the OLT depends on
the requested bandwidth of the attached ONUs. According to (Gladisch et al. [2008]),
the total power consumption of an EPON (given in watt) is given by

PE P O N = nO NU ·
(

PO NU + 2 · rO NU

RO LT
· PO LT

)
, (13.2)

where PO NU and PO LT denote the power consumption of an ONU and OLT, respec-
tively. In Eq. (13.2), the capacity of EPON is denoted by RO LT , while rO NU denotes
the requested average bandwidth of each ONU. We note that the factor 2 is used
to account for the power consumed for both service provisioning and heat dissipa-
tion (Gladisch et al. [2008]).

In previous studies (Gladisch et al. [2008], Baliga et al. [2008]), only power con-
sumption was considered in the OPEX calculation, however another important OPEX
component of EPON networks is the repairing cost. Typically, two types of fail-
ures can take place in an EPON: (i) a node failure might occur at the OLT, RN,
or ONU; and (i i) a fiber cut might occur in feeder and distribution fibers. The
probability of an EPON network failure due to a single node failure or fiber cut is
given by

PrSF−E = pN E ×
(

1 + 1 + (nO NU
1

)
(nO NU +2

1

)
)

+ pN E ×
(

1 + (nO NU
1

)
(nO NU +1

1

)
)

, (13.3)

where pN E denotes the probability of a network element (i.e., node or fiber) failure,
whereby 0 ≤ pN E ≤ 1. In Eq. (13.3), the first fraction calculates the probability that the
OLT, RN, or one of the ONUs fails and the second fraction computes the probability of
a feeder or distribution fiber cut. Note that the node and fiber failure events are mutually
exclusive. The probability of an EPON network failure due to multiple node failures
and/or fiber cuts is given by
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PrM F−E =p fn
N E ×

((nO NU
fn

)+ 2 · (nO NU
fn−1

)+ (nO NU
fn−2

)
(nO NU+2

fn

)
)

+ p
f f
N E ×

((nO NU
f f

)+ (nO NU
f f −1

)
(nO NU+1

f f

)
)

,

(13.4)

where fn and f f denote the number of node failures and fiber cuts, respectively. In Eq.
(13.4), the probability of node failures and fiber cuts is given in the first and second
fractions, respectively, whereby fn ≥ 2 and f f ≥ 1.

The cost of repairing a single or multiple failures in an EPON is given by

CR−E P O N =
∑
∀i

[Pri × (α · C AP E X (i))] , (13.5)

where i denotes the failed EPON node or fiber, Pri denotes the probability of failure
for equipment i , deduced from Eqs. (13.3) and (13.4), C AP E X (i) denotes the initial
equipment and installation cost of device i , and α denotes the repairing or replacing
factor, whereby 0 < α < 1 if the failed device can be repaired and α = 1 if it has to be
replaced.

Hence, the OPEX (given in US $) of the designed EPON network is given by

OE P O N = C(PE P O N ) + CR−E P O N , (13.6)

where C(PE P O N ) denotes the cost of power consumed by the EPON.

WiMAX
In our WiMAX scenarios, we consider outdoor WiMAX antennas in order to provide
a fair comparison between WiMAX and EPON networks. Three different terrain types
(i.e., urban, suburban, and rural) are defined to provide realistic modeling conditions,
whereby P Lurban>P Lsuburban>P Lrural denote the wireless path loss of the corre-
sponding terrain type. According to (Ghazisaidi et al. [2009]), for all three terrain types
the path loss P L between a given SS in range L of the BS is given by

P L = A + 10γ log10(L/L0) + s + �P L f + �P LhSS . (13.7)

In Eq. (13.7), A = 20 log10(4π L0/λ), where λ and L0 denote the wavelength (given in
meter) and reference distance between the SS and BS with L > L0 = 100 m, respec-
tively. Further, γ denotes the path loss exponent which is given by

γ = a − b · h BS + c/hBS, (13.8)

where hBS denotes the height of the BS antenna (10 m < h BS < 80 m) and the value
of the parameters a, b, and c are set differently for each terrain type according to Table
13.1. In Eq. (13.7), s (given in dB) denotes the shadow fading whose value depends on
the terrain type and is given by

s = y(μσ + zσσ ), (13.9)

where y and z denote zero-mean Gaussian variables of unit standard deviation N [0, 1]
and the parameters μσ and σσ are set to different values according to Table 13.1



152 Techno-economic analysis

Table 13.1. Path loss parameter values for various terrain types.

Parameter Urban Suburban Rural

a 4.6 4 3.6
b 0.0075 0.0065 0.005
c 12.6 17.1 20
μσ 10.6 9.6 8.2
σσ 2.3 3.0 1.6

depending on the terrain type. The two correction terms �P L f and �P LhSS in Eq.
(13.7) denote the frequency and antenna height of the SS, respectively. For all three
terrain types, �P L f is fixed to �P L f = −6 log10( f/2000), where f denotes the fre-
quency of the WiMAX network (given in MHz). The second correction term �P LhSS

is set to �P LhSS = −10.8 log10(hSS/2) for urban and suburban terrain types, and to
�P LhSS = −20 log10(hSS/2) for the rural terrain type, where hSS denotes the height
of the SS antenna (2 m < hSS < 10 m).

Next, we introduce the maximum QoS-coverage approach as a cost-modeling tech-
nique. The maximum QoS-coverage technique aims at maximizing the range of a
WiMAX network with QoS support for different traffic types. In our cost-efficient net-
work design, we consider the technological constraints of WiMAX networks. Based on
the QoS requirements of the five different traffic classes of WiMAX, the number of
QoS-aware SSs in range L of the BS is given by

nSS(L) = Cap(L)

CT C
, (13.10)

where Cap(L) and CT C denote the WiMAX network capacity in range L and the QoS
requirements of a given traffic class T C , respectively.

The CAPEX (given in US $) of the designed WiMAX network with QoS support for
SSs in range L is given by

CWi M AX (L) = CBS + nSS(L) · CSS, (13.11)

where CBS and CSS denote the equipment and installation costs of BS and SS, respec-
tively.

Note that the power consumption of wireless equipment depends on their
applied frequency ranges. Unlike previous studies, which considered only urban ter-
rain (Baliga et al. [2008]), we take three different terrain types into account. As the
power consumption of the BS depends on the requested average bandwidth of the
attached SSs, the total power consumption of a WiMAX network (given in watt) for
SSs located in range L is given by

PWi M AX (L) = nSS(L) ·
(

PSS + 2 · rSS(L)

RBS(L)
· PBS

)
, (13.12)

where PSS and PBS denote the power consumption of each SS and BS, respectively.
In Eq. (13.12), RBS(L) and rSS(L) denote the capacity of BS and requested average
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bandwidth of each SS in range L , respectively. We note that the factor 2 is used
to account for the power consumed for both service provisioning and heat dissipa-
tion (Gladisch et al. [2008]).

Unlike EPON, WiMAX network failures are limited to BS and SS outages. The prob-
ability of a WiMAX network failure due to a single node failure or multiple node failures
(i.e., BS or SS in range L) is given by

PrF−W (L) = p f
N E ×

((nSS(L)
f

)+ (nSS(L)
f −1

)
(nSS(L)+1

f

)
)

, (13.13)

where pN E denotes the probability of a network element (i.e., BS or SS) failure and f
denotes the number of node failures, whereby f ≥ 1.

The cost of repairing a single or multiple failures in a WiMAX network is given by

CR−Wi M AX =
∑
∀i

[Pri (L) × (α · C AP E X (i))] , (13.14)

where i denotes the failed device (which can be a BS or SS in range L), Pri (L) denotes
the probability of failure for equipment i , deduced from Eq. (13.13), C AP E X (i)
denotes the initial equipment and installation cost of device i , and α denotes the repair-
ing or replacing factor, as defined in Eq. (13.5).

The OPEX (given in US $) of the designed WiMAX network is then given by

OWi M AX = C(PWi M AX (L)) + CR−Wi M AX , (13.15)

where C(PWi M AX (L)) denotes the cost of power consumed by the BS and SSs located
in range L from the BS.

13.3 Numerical results

Table 13.2 shows typical costs for equipment and installation, as well as power con-
sumption of commercially available EPON and WiMAX networks used in our simu-
lations. We consider an EPON with different number of ONUs and set the maximum
distance of a pair of adjacent ONUs in the three different terrains (lurban , lsuburban , and
lrural ) to 500, 1000, and 1500 meters, respectively. The bit error rate (BER) of the wire-
less channel is set to 10−9 and for all three terrain types the path losses hBS and hSS

are set to 20 and 3 meters, respectively. Furthermore, the operating frequency f is set to
5000 MHz. The hierarchical scheduler proposed in (Ghazisaidi et al. [2009]) is used as
a WiMAX scheduler. For the generation of voice traffic, we use the voice codec standard
ITU-T G.711 where a packet of 160 bytes is generated every 20 ms without compres-
sion, translating into a constant bit rate (CBR) source rate of 64 kb/s. In addition, the
fixed-size CBR voice packets contain 12, 8, and 20 bytes of real-time transport protocol
(RTP), user datagram protocol (UDP), and Internet protocol (IP) headers, respectively.
Further, we assume that there is no silence suppression. For the generation of video
traffic, we deploy MPEG-4 to encode 600-byte packets at a data rate of 768 kbs/s which
generates UDP CBR traffic, including 8 bytes and 20 bytes of UDP and IP headers,
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Table 13.2. Typical EPON and WiMAX CAPEX & OPEX (given in US $).

EPON WiMAX

OLT Splitter ONU Cabling BS SS

Equipment cost 2030 200 288 13 per km 49 000 350
Installation cost 600 120 120 7000 per km 7500 50
Power consumption 20 W 0 3.5 W 0 220 W 13 W
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Figure 13.2 Power consumption vs. mean access data rate for EPON and WiMAX.

respectively. In our simulations, the voice and video codecs are used simultaneously,
each encoding 50% of generated traffic. Moreover, we assume Poisson traffic with dif-
ferent packet sizes as background data traffic that uses 20% of the network capacity. The
size of a generated data packet is equal to 40, 552, and 1500 bytes according to a distri-
bution of 50%, 30%, and 20%, respectively. The generated data packets are transmitted
with an additional 20-byte TCP header and 20-byte IP header.

Figure 13.2 shows the power consumption vs. mean access data rate for EPON and
WiMAX serving nO NU , nSS ∈ {16, 32, 64} ONUs/SSs at a range of 20 km for different
terrain types. The power consumption increases for increasing mean access data rate,
whereby EPON consumes less power than WiMAX. The power consumption of EPON
is independent of the terrain type. The capacity of the BS in an urban setting is smaller
than suburban and rural settings, resulting in an increased power consumption. For both
EPON and WiMAX, the power consumption grows for an increasing number of ONUs
and SSs.
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Figure 13.3 OPEX vs. network element failure probability pN E for nO NU = nSS = 32 and a
fixed mean access data rate of 75 Mb/s.

Figure 13.3 shows the OPEX vs. the network element failure probability pN E for
EPON and WiMAX with nO NU = nSS = 32 at a range of 20 km and a fixed mean
access data rate of 75 Mb/s. The cost of power consumption is calculated for 0.0597
US $/kWh. The figure shows that the OPEX of EPON is less than that of WiMAX
for the failure-free scenario (i.e., pN E = 0). For a single failure, EPON OPEX is below
WiMAX OPEX for pN E ≤ 0.07, and vice versa for higher pN E . This observation holds
also for three failures ( fn = 2, f f = 1, and f = 3) whereby the OPEX curves of EPON
and WiMAX already cross at pN E ≈ 0.025.

Figure 13.4 shows the total cost vs. range for EPON and WiMAX for nO NU = nSS =
32 with a single failure probability (pN E = 10−5) and a fixed mean access data rate
of 75 Mb/s. Note that the maximum range of EPON is dependent on the terrain type
and is determined by using the aforementioned maximum cost-sharing technique. The
total cost of EPON increases for increasing range, while WiMAX total cost is largely
independent of the range for a fixed number of SSs. We observe that WiMAX is more
cost-efficient than EPON for a mean access data rate of up to 75 Mbit/s, especially for
less populated suburban and rural terrain types. The cost difference between WiMAX
and EPON becomes less pronounced for urban settings with high population densities.
In fact, EPON might be a viable alternative to WiMAX in densely populated areas
where the high installation costs of the required fiber infrastructure can be shared by a
large number of subscribers. We note that the network revenue depends on the number
of subscribers and the specific requirements for various traffic and services.
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Figure 13.4 Total cost vs. range for nO NU = nSS = 32 and a fixed mean access data rate of 75
Mb/s.

While in WiMAX networks, each SS typically corresponds to a single end-user, it is
important to note that an EPON ONU may serve multiple residential and/or business
subscribers. Figure 13.5 shows the maximum number of subscribers (i.e., end-users)
supported in EPON and WiMAX networks under voice, video, and triple-play traffic
for urban terrain using the above-mentioned ITU-T G.711 and MPEG-4 codecs for the
generation of voice and video traffic, respectively, and Poisson data traffic with the
aforementioned trimodal packet size distribution. For all traffic types, EPON is able to
support significantly more subscribers than WiMAX, thus providing a higher revenue
potential to urban area network operators.

Finally, we compare the emerging next-generation of optical and wireless access net-
works (i.e., IEEE 802.3av 10 Gb/s EPON and IEEE 802.16m 1 Gb/s WiMAX) using
our proposed techno-economic model. In our simulations, we conservatively estimate
that the power consumption and cost of next-generation (NG) EPON and WiMAX
equipment are twice as high as those of current EPON and WiMAX networks shown
in Table 13.2, while installation costs are expected to remain unchanged. Figure 13.6
shows the power consumption vs. mean access data rate for next-generation EPON and
WiMAX networks serving nO NU , nSS ∈ {16, 32, 64} ONUs/SSs at a range of 20 km
for different terrain types. Interestingly, the figure shows that the difference between
next-generation EPON and WiMAX in terms of power consumption becomes less pro-
nounced than in current EPON and WiMAX, especially at small mean access data rates
(see Fig. 13.2 for comparison).
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Figure 13.5 Number of subscribers in EPON and WiMAX networks under voice, video, and
triple-play traffic for urban terrain.
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Figure 13.7 Cost per subscriber of current and next-generation (NG) EPON and WiMAX
networks under triple-play traffic for three different terrain types.

Figure 13.7 shows the cost per subscriber of current and next-generation EPON and
WiMAX networks under triple-play traffic for three different terrain types. In this fig-
ure, we consider nO NU = 32 for both EPON and next-generation EPON networks. The
number of optical and wireless subscribers (i.e., end-users) supported in the current and
next-generation EPON and WiMAX networks is determined under triple-play traffic,
as shown in Fig. 13.5. In Fig. 13.7, EPON ONUs and WiMAX SSs are located at a
range of 20 km assuming a single failure probability of pN E = 10−5, and a fixed mean
access data rate of 75 Mb/s for current EPON and WiMAX networks, while it is set to
1 Gb/s for next-generation EPON and WiMAX networks. We observe from Fig. 13.7
that while the cost per subscriber largely depends on the terrain in current EPON and
WiMAX (though in a reverse sense), next-generation EPON and WiMAX networks are
less sensitive to different terrain types. Furthermore, for rural areas current EPON and
next-generation WiMAX exhibit a comparable cost per subscriber. Whereas for subur-
ban and urban terrain EPON and in particular next-generation EPON offer the lowest
cost per subscriber.

13.4 Summary

We have developed a detailed techno-economic analysis of EPON and WiMAX, which
are key technologies in emerging FiWi broadband access networks. The obtained results
show that the power consumption of EPON is smaller than that of WiMAX for different
numbers of ONUs/SSs, terrain types, and mean access data rates. In terms of OPEX,
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EPON is superior to WiMAX for deployment scenarios where network failures are less
likely. Taking both OPEX and CAPEX into account, WiMAX is more cost-efficient
than EPON, especially in suburban and rural areas with a small population density. For
densely populated settings, EPON might be a viable alternative to WiMAX. In fact,
EPON is able to provide data rates well above 75 Mb/s since, once put in place, EPON
can be upgraded to much higher data rates by means of advanced time division multi-
plexing (TDM) and/or wavelength division multiplexing (WDM) technologies without
requiring any modifications of the installed fiber infrastructure. In terms of power con-
sumption, the difference between next-generation EPON and WiMAX becomes smaller
than in current EPON and WiMAX networks.
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Among the several next-generation passive optical network (NG-PON) requirements
are the provisioning of higher bandwidth per subscriber, an increased splitting ratio, and
an extended maximum reach compared with current Ethernet PON (EPON) and Giga-
bit PON (GPON) architectures. NG-PONs may offer additional functionalities such as
protection (to be discussed in detail in Chapter 15), support topologies other than con-
ventional tree structures, and they enable the consolidation of access, backhaul, and
metro network infrastructures (Lin [2008]). In addition, substantial research activity is
currently focused on the convergence of optical and wireless access architectures into
bimodal fiber-wireless (FiWi) access networks (Ghazisaidi and Maier [2011]), a key
feature of NG-PONs.

An important goal of FiWi research is to combine the most promising technologies
proposed for wireless and optical access. Network coding (NC) is an example of such
technologies. Consisting of bit- or packet-level coding operations, NC has been shown
to improve throughput, simplify routing, and provide robustness against transmission
errors and failures in various packet networks (Ho and Lun [2008]). In a recent study,
significant throughput gains were demonstrated experimentally in NC-enabled WiFi-
based mesh networks (Katti et al. [2008]).

In this chapter, we study the integration of NC within NG-PONs. The aim is to illus-
trate the NG-PON architectures where NC yields potential performance gains. Our illus-
trations and simulations demonstrate significant potential performance improvements
while clarifying some underlying topological constraints of NC in various NG-PON
scenarios. We will first consider the case of network coding in a conventional PON. Sub-
sequently, we define inter-flow and intra-flow NC and discuss their applicability to NG-
PONs. We then demonstrate the potential of NC in different NG-PON settings though
illustrative examples. For further details we refer the interested reader to (Fouli et al.
[2011]).

14.1 Networking coding in PON

NC has only just started to be investigated in the context of PONs
(Belzner and Haunstein [2009], Miller et al. [2009]). Figure 14.1 illustrates the
potential of inter-flow NC to improve throughput in current PONs. In this illustrative
scenario, two packets are exchanged between two optical network units (ONUs).
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Figure 14.1 Network coding in a conventional passive optical network (PON).

Owing to the PON’s directional splitter/combiner, ONUs may communicate only
through the intermediary of the optical line terminal (OLT). In conventional PONs,
such an exchange is usually performed in four separate packet transmissions, with the
OLT receiving and then broadcasting each packet individually (see Fig. 14.1(a)). With
NC, the OLT may code the received packets into a single packet using a simple bitwise
exclusive-OR (XOR) operation, denoted by ⊕ (see Fig. 14.1(b)). Upon receiving the
coded packet, the ONUs decode the packets destined to them using a copy of their
previously transmitted packets. NC hence achieves the packet exchange in only three
packet transmissions, using 50% less downstream bandwidth than conventional PONs.
We will study this scenario in more detail below and provide compelling simulation
results showing the impact of NC on PON performance.

14.2 Network coding in NG-PONs

NC stems from the observation that the function of nodes in a communications network
is not restricted to routing, switching, and forwarding. In NC, nodes may perform oper-
ations on data units (e.g., bits, packets), generally using linear algebraic approaches, in
order to improve network performance (Ho and Lun [2008]).

In the following, a flow is defined as a stream of data units with the same source
and destination. Linear coding denotes the linear combination of individual symbols,
defined over finite fields or vectors thereof, such that their extraction at the decoding
node is possible through solving linear equations. Although nonlinear coding schemes
are mentioned in the literature (Ho and Lun [2008]), we restrict the discussion in this
chapter to the simpler and more practical linear coding. The coding of two packets or
flows denotes the linear combination of their consecutive symbols using the same coef-
ficients. Hence, any coded symbol, packet, or flow can be expressed as a linear combi-
nation

∑
ci xi , where xi denotes a native (i.e., uncoded) symbol, packet, or flow, and ci

represents the coding coefficient. In the case of a binary field, symbols consist of single
bits, and both coding and decoding are performed through XOR operations (Katti et al.
[2008]).
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14.2.1 Inter-flow network coding

In inter-flow NC, coding applies to packets from different flows. We distinguish two
forms of inter-flow NC and discuss their applicability to NG-PONs next.

Reverse carpooling
The PON example of Fig. 14.1 is a particular case of inter-flow NC where the receiver
nodes (ONU-1 and ONU-2) use copies of their own previously transmitted packets to
decode received packets. The concept has been explored in the context of wireless com-
munications, where it is denoted reverse carpooling (Effros et al. [2006]), also known
as piggybacking, or pairwise XOR coding. Reverse carpooling requires the uplink from
the information-exchanging nodes towards a common intermediate node to be unicast
while the downlink from the intermediate node back to the transmitting nodes must be
broadcast. NC can hence exploit the underlying broadcast architecture to convert unicast
transmissions into more efficient broadcast transmissions, as depicted in Fig. 14.1.

In wireless networks, (Katti et al. [2008]) uses reverse carpooling to increase
throughput by exploiting the broadcast nature of wireless mesh networks. Each node
is required to (1) store overheard packets that are not destined to it for a limited period
of time, a procedure termed opportunistic listening, and (2) periodically send control
packets called reception reports to inform its neighboring nodes of its stored packets.
This enables nodes to code opportunistically: at each transmission, nodes combine the
maximum number of packets that can be decoded at their next hop.

The example of Fig. 14.1 shows that the conditions for reverse carpooling are satisfied
in conventional PONs, owing primarily to the use of the directional coupler. Further-
more, since only one intermediate node exists (i.e., the OLT), NC may be applied in a
centralized manner. This removes the requirement for signaling (i.e., reception reports)
and facilitates the integration of NC within PONs. Favorable conditions for reverse
carpooling are pervasive in the NG-PONs that we consider since many of them use
coupler-based tree architectures, including splitter-based WDM EPONs (McGarry et al.
[2006]), LR-PONs (Shea and Mitchell [2007]), and integrated access-metro network
architectures (Kazovsky et al. [2007], Maier et al. [2007]). However, reverse carpool-
ing is not possible when connections with the intermediate node are reduced to point-
to-point links such as in wavelength-routing WDM PONs. Similarly, when the medium
is fully broadcast, inter-flow NC is not feasible for lack of intermediate nodes. In NG-
PONs, this may occur when the nodes are connected through a reflective or star coupler.

Multipath inter-flow network coding
In multipath inter-flow NC, a receiver uses different linear combinations of the coded
packets from different paths in order to successfully perform decoding. Multipath inter-
flow NC is particularly relevant for multicasting, when flows are transmitted from
multiple sources to multiple destinations across a shared network infrastructure where
capacity bottlenecks arise.

Unlike reverse carpooling, multipath inter-flow NC requires multiple paths from
the source to the destination. This renders it unfeasible in tree networks such
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as PONs, LR-PONs, and access-metro networks dominated by tree topologies,
e.g., (Kazovsky et al. [2007]). Nevertheless, more diversified access-metro architectures
and FiWi networks provide interesting possibilities, as shown in the examples below.

14.2.2 Intra-flow network coding

Rather than coding packets of different flows, intra-flow coding implies the coding of
consecutive packets from the same flow and has been proposed in particular to improve
reliability mechanisms in wireless networks (Fragouli et al. [2007]). As an alternative to
acknowledgment-based repetition, a source node generates random linear combinations
of the next N packets in the flow until N linearly independent ones are successfully
received, enabling the destination node to decode the N native packets. Such batch
coding does not require acknowledgment for each packet, but rather the entire batch,
thus signaling the source to end the coded transmissions for that batch.

Different implementations of intra-flow NC have been examined and a comparison of
their performances provided in (Lun et al. [2006]), among others. Intra-flow NC may be
applied in an end-to-end fashion, similarly to fountain codes, or with encoding at inter-
mediate nodes. The ability to re-encode at intermediate nodes is particularly important
for dead spot mitigation and in multicasting scenarios (Fragouli et al. [2007]).

Coding may be applied along a sliding window rather than in fixed-size batches. In
this scheme, decoding occurs as soon as the destination receives enough linear combina-
tions for any subset of native packets. Both batch-based and sliding-window techniques
deliver native packets to higher layers only after decoding events (i.e., the arrival of
enough linearly independent packets to perform decoding). While one could expect this
to have a possible adverse effect on delay-sensitive applications (e.g., voice, streaming),
the overall delay required to transfer content over lossy links is reduced (Eryilmaz et al.
[2006]).

In the context of NG-PONs, end-to-end NC may be applied between any source and
destination to reduce the complexity of feedbacks and to increase reliability against
packet losses due to link losses or congestion. In particular, end-to-end coding mech-
anisms may be implemented across the wireless part of a FiWi network to alleviate
wireless link losses. Since they require the existence of multiple paths from source to
destination, general coding methods cannot be deployed across tree-based NG-PONs.
Nevertheless, they may be employed in metro ring networks and FiWi networks. In
addition to increasing throughput and reducing delay in the presence of packet losses,
they provide inherent reliability enhancement, as explained in the next section.

14.2.3 Metro-access networks

In contrast to tree-based networks such as PONs, integrated metro-access networks fea-
ture more opportunities for multiple paths between sources and destinations where NC
may be applied. For example, Fig. 14.2 illustrates the use of multipath inter-flow NC
for multicasting within hybrid ring-star metro networks. Note that this hybrid ring-star
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topology is a practical example of the “butterfly” configuration widely discussed in the-
oretical NC works (Ho and Lun [2008]).

The hybrid ring-star topology was shown to improve the resilience, spatial reuse, and
bandwidth efficiency of packet-based optical metro rings (Herzog and Maier [2006]).
Figure 14.2(a) illustrates such an architecture, where a subset of the ring nodes are
attached to a single-hop WDM star network built from widely available metropolitan
dark fiber, whereby the hub of the star subnetwork consists of a broadcast passive
star coupler (PSC). Hybrid ring-star architectures are powerful metro ring candidates
because they allow cautious WDM upgrades and exploit low-cost passive technology
and dark fibers. In addition, they may be deployed to all-optically interconnect multiple
TDM/WDM PONs (Maier et al. [2007]). Although different star network architectures
were proposed in (Herzog and Maier [2006]), the PSC implementation is of particular
interest here owing to its wavelength broadcasting nature. Using the PSC, star nodes
such as node n can use a single transmission to broadcast packets to the star nodes.
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Figure 14.2 Inter-flow network coding in ring-star metro network.
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We assume the multicast requests of Fig. 14.2(a): each of the sources s1 and s2 mul-
ticasts one flow to destinations d1 and d2 simultaneously. Each of the flows A and B,
originating from s1 and s2, respectively, requires the capacity of a single wavelength.
Assuming shortest path routing (i.e., minimum hop routing), Fig. 14.2(b) depicts a pos-
sible routing configuration, where each destination receives one flow over the ring and
forwards it through the star subnetwork to the second destination. Note that the rout-
ing scheme of Fig. 14.2(b) requires two wavelengths on the star network. Furthermore,
although other shortest paths exist, they all require two wavelengths on the star network.

In the NC solution (Fig. 14.2(c)), copies of the flows are routed through node n, where
they are coded and broadcast through the star subnetwork. In this example of inter-flow
coding, each destination receives one coded and one native flow through different paths
and is thus able to perform decoding. The use of inter-flow NC removes the requirement
for an additional wavelength on the star subnetwork, hence realizing a 50% throughput
gain, at the expense of higher spatial utilization on the ring.

14.3 Network coding in FiWi access networks

14.3.1 Performance enhancement

Some of the most promising applications of NC relate to FiWi networks. We illustrate
the potential of intra-flow NC in FiWi networks through the example of Fig. 14.3(a).
Suppose a node in the optical portion of an NG-PON is multicasting a set of packets
{p1, p2, p3} to two wireless nodes r1 and r2. The destination nodes are located in the
vicinity of wireless local area network (WLAN) access points AP-1 and AP-2 such
that r1 is connected to AP-1 whereas r2 may connect to AP-1 or AP-2, as shown in
Fig. 14.3(a). First, the OLT broadcasts the batch of packets to both APs. In a conven-
tional WLAN setting, native packets are transmitted by the AP-1 and AP-2 in sequence,
and each packet is separately acknowledged by r1 and r2. Typically, r2 selects the
access point with the strongest signal for the transaction. With NC, the access points
keep transmitting random linear combinations of the native packets without waiting for
acknowledgments. Hence, AP-1 and AP-2 transmit the sequences {p′

1, p′
2, p′

3, ...} and
{p′′

1 , p′′
2 , p′′

3 , ...}, respectively (see Fig. 14.3(a)). Once r1 and r2 receive enough inde-
pendent linear combinations to decode the native packets (i.e., three), they use a single
block acknowledgment for the whole batch.

For illustration, the following simplifying assumptions were made:

• Time is slotted, packet transmission in both upstream and downstream directions
takes one timeslot.

• The medium access control (MAC) protocol avoids interference by imposing the
cyclic transmission pattern of Fig. 14.3(b), where the solid and dashed arrows indi-
cate packet and acknowledgment transmissions, respectively.

• The wireless channel experiences losses in 25% of the timeslots.
• When NC is not used, access points wait for one timeslot before retransmitting

a packet, unless an acknowledgment is received.
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Figure 14.3 (a) Example of intra-flow NC in FiWi networks, (b) illustrative transmission pattern,
and (c) time-space diagram.

The time-space diagrams of Fig. 14.3(c) illustrate the difference between coding
(lower diagram) and no coding (upper diagram). The shaded squares represent time-
slots with channel losses, where the same channel loss pattern is assumed with and
without NC. When NC is not employed (upper diagram), r1 receives all three packets at
timeslot 13 and needs 9 packet transmissions for the transaction. In contrast, with intra-
flow NC (lower diagram), r1 is able to decode all three packets at timeslot 10 and uses
a total of 6 transmissions, thus achieving gains of 23% and 33% in delay and energy,
respectively.

Being connected to both access points simultaneously, r2 achieves better perfor-
mance. In conventional WLANs, r2 selects the strongest of the two signals. Hence, with
no coding (upper diagram), r2 starts ignoring broadcasts from AP-1 after timeslot 1.
r2 receives all three packets at timeslot 14 and requires 11 packet transmissions. Using
NC (lower diagram), r2 can receive both coded flows simultaneously and use them to
decode the native packets; r1 is thus able to decode all three packets at timeslot 5 and
uses 3 transmissions, thus achieving gains of 64% in delay and 72% in energy. Note that
delay and energy gains are still significant if r2 ignores AP-1, reaching 42% and 54%,
respectively. Moreover, the use of two different paths to r2 enhances the reliability of
the transfer against failures along the wireless paths. Overall, the example of Fig. 14.3
shows that intra-flow NC reacts more efficiently to the losses of the wireless medium.

Alternatively, coding may be implemented within the optical part of the FiWi net-
work. In this case, the coded packet streams {p′

1, p′
2, p′

3, ...} and {p′′
1 , p′′

2 , p′′
3 , ...}

are generated by the OLT and halted by an acknowledgment from the access points
once the wireless nodes have received three independent linear combinations. Such a
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Figure 14.4 FiWi network survivability.

configuration leverages the higher optical bandwidth and processing capabilities. Fur-
thermore, it is required when the PON is a point-to-point medium (e.g., WDM PON)
rather than a broadcast medium.

14.3.2 Resilience

NC may also potentially improve the resilience of FiWi networks to fiber cuts, as shown
in Fig. 14.4. Suppose a flow {p1, p2, p3...} is to be transmitted from the OLT to r1. For
each of the links between r1 and the three access points in its vicinity, Fig. 14.4(a) shows
the probability of success per packet transmission. For illustration purposes, we assume
that time is divided equally among wireless nodes, so that each node is allowed to
transmit one packet per transmission cycle. Also, let the flow be initially routed via AP-
2 such that r1 receives it at a rate of one packet per cycle, ignoring acknowledgments.
Figure 14.4(a) shows a cut in the distribution fiber between the OLT and AP-2. Clearly,
if r1 picks a single replacement path via AP-1 or AP-2, the flow may only be delivered
at an average rate of 0.5 packets per cycle.

Figures 14.4(a) and (b) depict two alternative solutions where both lossy links are
used simultaneously as backup paths. In Fig. 14.4(a), each native packet pi (i =
1, 2, 3, ...) is transmitted from both AP-1 and AP-3. In Fig. 14.4(b), however, the ran-
dom linear combinations p′

i and p′′
i are transmitted from AP-1 and AP-3, respectively.

Assuming that losses across the two links are independent, Figs. 14.4(a) and (b) show
the likelihoods of the packet pairs received by r1 each cycle. Without NC (Fig. 14.4(a)),
the average packet rate attained is 0.75 packets per cycle. NC, however, enables r1 to
receive the flow at its full rate of 1 packet per cycle (Fig. 14.4(b)).

14.4 Numerical results

In this section, we use examples or numerical simulations to illustrate some of the poten-
tial NC applications in NG-PONs. Figure 14.1 represents the generic framework for
applying reverse carpooling to intra-PON unicast transmissions. In the following, we
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simulate a standard IEEE 802.3ah EPON with 16 ONUs and a symmetrical data rate of
1 Gb/s. The ONUs are 20 km from the OLT and maintain 1 MB queues. The upstream
channel is allocated dynamically among the ONUs through interleaved polling with
adaptive cycle time (IPACT), a benchmark EPON polling protocol that is based on the
interleaving of granted time windows in order to improve upstream channel utilization
and average packet delay (Kramer et al. [2002a]). Each ONU’s transmission window
is limited to 15 kB per polling cycle. The OLT maintains 16 first-in-first-out (FIFO)
downstream queues, one for each ONU, each with a capacity of 1 MB. The downstream
channel is allocated dynamically among the downstream queues in a round-robin fash-
ion with a maximum transmission window of 15 kB per queue.

In our simulations, two types of traffic compete for OLT output queue space: (1) at the
ONUs, intra-PON traffic (i.e., traffic destined to other ONUs) is generated for upstream
transmission, and (2) at the OLT, an external traffic stream of packets destined to the
ONUs is injected representing traffic generated outside the EPON. We assume Poisson
traffic, where the packet size is uniformly distributed over the Ethernet packet size range
(64B–1518B). In addition, the destination of both intra-PON and external packets fol-
lows a uniform distribution over all ONUs. After a 5 s warmup period, we simulate the
transmission of 105 packets.

Opportunistic coding is integrated within layer-2 as follows. Each intra-PON packet
to be transmitted downstream and having source ONU-i and destination ONU- j is
coded with the earliest packet having inverted source and destination (i.e., with source
ONU- j and destination ONU-i). If no such packet exists at the time of transmission, the
packet is transmitted uncoded. To determine the effects of NC, we fix the external traffic
rate to 0.5 Gb/s and vary the intra-PON traffic rate from 0.1 Gb/s to 0.9 Gb/s. Figure 14.5
compares the performance of native and NC-enhanced EPON in terms of mean aggre-
gate throughput (Fig. 14.5(a)), average OLT downstream queue size (Fig. 14.5(b)), and
mean delay (Fig. 14.5(c)). In Fig. 14.5, native and NC-enhanced EPON are represented
through dashed and solid plots, respectively, with 95% confidence intervals.

The aggregate throughput plots of Fig. 14.5(a) show that coding gains appear at the
point of congestion, when the intra-PON traffic load is 0.5 Gb/s. This point corresponds
to the input aggregate traffic level (of both intra-PON and external packet streams)
reaching the downstream data rate. As the OLT downstream queues grow, more cod-
ing opportunities arise, and the coding gain increases almost to 30% (0.2 Gb/s) for the
intra-PON traffic. It is important to note that throughput gains are also achieved by the
uncoded external traffic stream, reaching 27% (0.1 Gb/s) at the highest intra-PON traffic
load.

To shed more light on the throughput gains, we turn to the average queue size plots
of Fig. 14.5(b). Figure 14.5(b) represents the average steady-state size of all OLT down-
stream queues. On the one hand, the queue in native EPON expectedly saturates when
aggregate downstream traffic rates exceed the data rate (intra-PON load of 0.6 Gb/s),
translating into the loss of all excess packets, and the flattening of the throughput curve.
However, this is not the case when NC is employed, as the queue remains two orders
of magnitude below its saturation level, thus avoiding any significant packet losses and
allowing the throughput to continue rising. The downstream queues eventually saturate
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Figure 14.5 Performance enhancement through network coding (NC) in EPON: for a constant
external traffic load (0.5 Gb/s) and increasing intra-PON traffic load values, we plot (a) mean
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and dashed curves are plotted with and without NC, respectively. The results in (a) and (c) are
shown for intra-PON (black) and external (grey) traffic.
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for the NC-enhanced EPON, but at significantly higher loads. The capability of NC to
drain the downstream queues at higher rates hence provides a window of operation (0.5
Gb/s to 0.8 Gb/s), where the information rate exceeds the data rate without significant
losses and where the congestion limit is pushed beyond the capacity limit.

Figure 14.5(c) shows the mean packet delay for intra-PON and external traffic,
defined as the average value of the delay experienced by packets from the moment
they are queued at their source ONU (intra-PON) or OLT (external) to the moment
they arrive at their destination ONU. By definition, opportunistic coding will introduce
no delay penalty. This is apparent for intra-PON traffic at low loads where few coding
opportunities exist. As the load increases, packets are coded more often, thus spending
less time in the queue. Remarkably, this translates into a delay reduction of more than
one order of magnitude as the aggregate traffic rate rises above the downstream data rate
(intra-PON traffic loads 0.6 Gb/s and 0.7 Gb/s) for both intra-PON and external traffic.
As queues approach saturation in the NC-enhanced EPON, packet delays remain below
native EPON levels.

14.5 Summary

We have shown that very simple approaches to network coding yield considerable gains
in throughput and delay in PONs. Moreover, the implementation of NC in NG-PONs
holds promise for enhanced throughput, delay, and reliability, in adverse conditions
with high packet losses. The deployment of NC across the wireless–optical boundary
may reap particular advantages of the complementarity of the two media, where optical
networks provide the processing capability and bandwidth, whereas wireless networks
provide mobility and cost-effective coverage of geographical areas.
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Fiber-to-the-home (FTTH) or close to it (FTTx) networks are poised to become the
next major success story for optical fiber communications. Future FTTx access net-
works unleash the economic potential and societal benefit by opening up the first/last
mile bandwidth bottleneck between bandwidth-hungry end-users and high-speed back-
bone networks. Owing to their longevity, low attenuation, and huge bandwidth, pas-
sive optical networks (PONs) are widely deployed to realize cost-effective FTTx access
networks. Fiber has been envisioned for delivering broadband services for over 30
years. However, many roadblocks related to component and installation costs have
slowed down the progress toward FTTx since it was first proposed. Currently, FTTH
is being installed in many countries, but it still represents only a fraction of all deployed
broadband lines (Shumate [2008]). The two major state-of-the-art PON standards IEEE
802.3ah Ethernet PON (EPON) and ITU-T G.984 Gigabit PON (GPON) consist both
of a single upstream wavelength channel and a separate single downstream wavelength
channel, whereby both channels are operated using time division multiplexing (TDM).
EPON and GPON are expected to coexist for the foreseeable future as they evolve into
next-generation PONs (NG-PONs) (Effenberger et al. [2007], Kazovsky et al. [2007]).

NG-PONs can be categorized into high-speed TDM PON, wavelength division mul-
tiplexing (WDM) PON, and long-reach PON (LR-PON) (Lin [2008], Effenberger et al.
[2009a]). While current PONs are able to provide service only for a maximum of 256
optical network units (ONUs) located at a range of 20 km from the optical line terminal
(OLT), LR-PONs are designed for longer distances between the OLT and ONUs of up to
100 km as well as larger numbers of ONUs (2000 to 4000 ONUs) (Talli and Townsend
[2006]). Owing to the higher data rates, wavelength channel counts, number of ONUs,
and coverage of NG-PONs, network survivability is becoming a key issue. While in
conventional Gb/s PONs with typically 32–64 attached ONUs fiber link cuts only affect
a relatively small number of subscribers, survivability of high-capacity NG-PONs with
fibers carrying multiple wavelength channels in both upstream and downstream direc-
tions, each wavelength operating at 10 Gb/s, becomes increasingly important due to
the fact that fiber link failures would result in the loss of significantly higher traffic
volumes. NG-PONs such as high-speed 10 Gb/s PONs offer enough capacity not only
for (best-effort) residential use but also for business applications, which require carrier-
class survivability for business continuity (Mukai et al. [2009]).

The following techniques might be applied to resolve the survivability issues of
NG-PONs:
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1. Full/partial PON duplication (optical protection): With full PON duplication, a
spare set of OLT and ONUs as well as optical fiber links and photonic network
elements, e.g., splitters, is deployed to protect the primary optical infrastructure with
a secondary backup (Koonen [2006]). While full PON duplication techniques in most
cases might be cost-prohibitive, partial PON protection seems more viable, where
only a subset of fibers are protected through stand-by fibers.

2. Wireless mesh network (WMN)-based fiber-wireless (FiWi) architecture (wire-
less protection): In a WMN-based FiWi network, a subset or all ONUs of an NG-
PON network are equipped with wireless devices, referred to as mesh portal points
(MPPs) in IEEE 802.11s. In the resultant WMN-based FiWi protection technique,
an MPP forwards frames to another ONU via wireless links instead of going through
the OLT. In an IEEE 802.11s based WMN, MPPs are able to send frames to each
other directly (single-hop) or through intermediate wireless mesh points (MPs) by
means of multi hopping. We note that WMN can be deployed using any wireless
local area network (WLAN) technologies, such as IEEE standards 802.11 a/b/g/n
or the emerging very high throughput (VHT) WLAN, whereby the maximum dis-
tance between two adjacent WMN nodes (i.e., maximum length of one wireless
hop) depends on the applied wireless technology. For instance, the maximum dis-
tance between two adjacent WMN nodes has to be less than 2.7 km (line-of-sight
(LOS)) in IEEE 802.11n for a slot size of 9 µs and short interframe space (SIFS)
of 16 µs. Applying orthogonal frequency division multiplexing (OFDM) and mul-
tiple input multiple output (MIMO) antennas in the physical (PHY) layer of IEEE
802.11n WLANs provides various capabilities, such as antenna diversity (selection)
and spatial multiplexing. The use of multiple antennas in next-generation WLAN-
based WMNs provides multipath capability, which increases both throughput and
transmission range. In a fading channel, multiple antennas can increase the sys-
tem reliability through spatial diversity. It was shown in (Lin and Wong [2008]) that
by transferring the same data across different paths, multiple independently faded
data symbols can be successfully received at the destination node and the trans-
mission reliability is increased significantly. Furthermore, the enhanced PHY layer
of next-generation WLANs applies two powerful adaptive coding schemes: space
time block coding (STBC) and low density parity check coding (LDPC). Accord-
ing to (Vermesan et al. [2010], Eldin et al. [2009]), the robustness and reliability
of next-generation WLAN-based networks can be improved significantly by using
the two aforementioned coding schemes. In WMNs, multiple redundant paths exist
throughout the network. Mesh nodes may re-route traffic along alternative paths. It
was shown in (Egeland and Engelstad [2009]) that adding redundant mesh points
to WMNs improves the wireless link availability and reliability significantly. Due
to the nature of WMNs, their channels are not error-free. WLAN-based WMNs
apply a data link layer error control technique, known as automatic repeat request
(ARQ), which uses acknowledgment messages and packet retransmissions to achieve
reliable data transfer. To further improve the network reliability, error correction
schemes such as forward error correction (FEC) can be used. Hybrid adaptive FEC
and ARQ techniques were proposed in (Wu et al. [2009]) to increase the reliability
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of WLAN-based networks. We note that current IEEE 802.3ah EPON and IEEE
802.3av 10G-EPON provide 1 Gb/s and 10 Gb/s, respectively. On the other hand,
next-generation WLAN-based WMN and emerging VHT WLAN-based WMN tech-
nologies are able to provide raw data rates of 600 Mb/s and 1 Gb/s, respectively. It is
important to note that the bandwidth of EPON and PONs in general is shared among
all ONUs. That is, under the assumption of bandwidth fairness, the data rate available
to a single EPON ONU is equal to 1/32 Gb/s ≈ 31 Mb/s for a typical scenario of 32
ONUs, which is below the data rate offered by an 802.11n WLAN access point (AP)
possibly attached to the ONU. Also note that unlike EPON (and PONs in general)
WMNs allow for spatial reuse of bandwidth, whereby a given channel can be used
multiple times in different regions of the WMN that do not spectrally overlap. As a
result, the aggregate capacity of a WMN is beyond that of a single WLAN link.

Several recent studies have started to explore the benefits of using the wire-
less network resources to render FiWi access networks survivable against fiber
link failures (Feng and Ruan [2009], Yubin et al. [2009], Schütz and Correia [2009],
Correia et al. [2009], Kantarci and Mouftah [2010]). In this chapter, we analyze the
survivability of optical NG-PONs and bimodal FiWi access networks and examine the
benefit of upgrading selected ONUs with wireless equipment in order to improve net-
work survivability in a pay-as-you-grow manner. In the following, we first evaluate the
survivability of NG-PONs and FiWi networks by means of probabilistic analysis tak-
ing both optical and wireless protection into account. Second, we propose and examine
different ONU selection schemes to improve the survivability of NG-PONs by means
of wireless extensions and partial optical protection. Third, in our numerical work we
study the impact of different network topologies on the survivability of NG-PON and
FiWi networks for a wide range of fiber link failure scenarios. For further details we
refer the interested reader to (Ghazisaidi et al. [2011]).

15.1 Survivability analysis

In this section, we analyze the survivability of NG-PONs and FiWi networks with
and without partial optical protection. The considered LR-PON may be upgraded with
WDM and/or high-speed transceivers to create WDM and/or high-speed TDM LR-
PONs, respectively.

15.1.1 NG-PON without protection

Let us first consider an LR-PON tree-and-branch topology without any protection and
investigate its connectivity as a function of different fiber link failure probabilities. In
a multi-stage tree-and-branch based LR-PON with N connected ONUs, we denote the
probability that a given fiber link fails by pn , where n is the index of the stage to which
the fiber link belongs, as shown in Fig. 15.1. Note that the special case of only two
stages n = 0 and n = 1 would correspond to conventional TDM/WDM PONs with a
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Figure 15.1 LR-PON and last common splitter of ONU i and ONU j for di = 5, d j = 4, and
k(i, j) = 1.

single splitter. Let p0, p1, . . . denote the fiber link failure probability of stage 0, 1, . . .,
respectively. We assume that fiber link failures occur independently from each other.
Further, we define di as the distance (i.e., number of intermediate splitters) between a
given ONU i and the OLT given by

di = distance(ONU i, OLT), i ∈ {1, 2, . . . , N }. (15.1)

Note that our model can be easily generalized by assuming different failure probabilities
of fiber links belonging to the same stage (i.e., having the same distance to the OLT).

Let k(i, j) be the distance of the last common splitter of ONUs i and j to the OLT
(see Fig. 15.1 for illustration). The probability pi j that ONUs i and j are connected via
the OLT, which is equivalent to the probability that all fiber links from ONU i and ONU
j to the OLT are intact, is given by

pi j = (1 − p0) · · · (1 − pk(i, j))

·(1 − pk(i, j)+1)
2 · · · (1 − pdi ∧d j )

2

·(1 − p(di ∧d j )+1) · · · (1 − pdi ∨d j ), (15.2)

where ∧ and ∨ denote the minimum and maximum values of two variables, respec-
tively. In the first line of Eq. (15.2), the probability of all intact shared fiber links from
the OLT to the last common splitter of the two ONUs is calculated (i.e., from p0 to
pk(i, j)). In the second line of this equation, the probability of all intact fiber links from
the last common splitter of the two ONUs to the ONU that has the minimum distance
to the OLT (i.e., di ∧ d j ) is calculated. We note that in this calculation the ONUs apply
different independent fiber links with the same failure probability, which results in the
squared probabilities. The probability of all intact fiber links from the ONU with mini-
mum distance (i.e., (di ∧ d j ) + 1) to the ONU with maximum distance (i.e., di ∨ d j ) is
calculated in the third line of Eq. (15.2). Further, the probability that ONU i is connected
to the OLT is given by

qi = (1 − p0) . . . (1 − pdi ). (15.3)
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15.1.2 FiWi: NG-PON with wireless protection

To provide survivability against fiber link failures, we have to find a set W of ONUs and
equip each of them with an MPP such that they can communicate wirelessly even if the
LR-PON fiber infrastructure fails completely. Generally speaking, W should be chosen
as small as possible while at the same time guaranteeing a high degree of survivability.
To allow for pay-as-you-grow wireless upgrades of LR-PONs and satisfy given cost
constraints, in general only a subset of ONUs are equipped with an MPP, i.e., we fix the
cardinality of W to |W| = M ≤ N .

We propose the following selection schemes to identify the M ONUs and equip each
of them with an MPP:

1. Random selection: In this scheme, M ONUs are randomly selected among the N
ONUs.

2. Uniform selection: In this approach, the M selected ONUs include ONU 1 and
ONU N . The other M − 2 ONUs are uniformly selected among the remaining
N − 2 ONUs such that the index of two neighboring selected ONUs differs by
�N/(M − 1)
, i.e., W = {ONU i , i = 1, 1 + �N/(M − 1)
, . . . , N }.

3. Selection of weakest ONUs: In this scheme, the M ONUs with the smallest proba-
bility qi of being (optically) connected to the OLT are selected.

4. Selection of strongest ONUs: Conversely, this scheme selects the M ONUs with the
largest probability qi of being (optically) connected to the OLT.

Next, let O be the random subset of ONUs that are connected to the OLT optically
after one or more fiber link failures have occurred. For a given set W , the following two
cases can happen:

• If O ∩ W = ∅ (i.e., both sets are disjoint), then all ONUs in O and all ONUs in W
can communicate among themselves, but no ONU in O can communicate with any
ONU in W .

• If O ∩ W �= ∅, then any pair of ONUs, say, ONUs i and j , in O ∪ W can commu-
nicate with each other even if ONU i ∈ O but i /∈ W and ONU j ∈ W but j /∈ O,
and vice versa.

For a given set W , the expected number of ONUs, which are connected to the OLT
is given by

N∑
i=1

ri , (15.4)

where ri is the probability that ONU i has a connection to the OLT, either directly
optically or wirelessly optically, after equipping the selected M ONUs with MPPs. In
Eq. (15.4), ri is given by

ri =
{

P(O ∩ W �= ∅), i ∈ W
P(i ∈ O) = qi , i /∈ W,

(15.5)
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whereby P(O ∩ W �= φ) is the probability that there exists at least one ONU in W
which is also in O, i.e., there is at least one wirelessly upgraded ONU that has a failure-
free optical connection to the OLT. In the following, we describe the computer program
we used to recursively calculate P(O ∩ W �= ∅) according to the four following steps:

1. First, we prune the LR-PON tree-and-branch topology by removing all ONUs that
are not in W and the branches leading to them. The resultant pruned tree topology
contains only the M selected ONUs in W , including only the branches connecting
them to the OLT.

2. In the pruned tree topology, splitters with one incoming fiber link of stage i and
one outgoing fiber link of stage i + 1 are replaced with a single fiber link whose
assigned failure probability is equal to pe = 1 − (1 − pi )(1 − pi+1). That is, 1:1
splitters together with their respective incoming fiber link and outgoing fiber link are
replaced with a new fiber link of failure probability pe.

3. Beginning at the leaves (i.e., M ONUs), we assign each of the splitters that are
directly connected to the M ONUs the probability that it has at least one failure-
free optical connection to one of its corresponding ONUs. For a given splitter sn , n
hops away from the OLT, this probability is given by

Psn = 1 −
m∏

i=1

(1 − psni ), (15.6)

where m and psni denote the number of ONUs connected to splitter sn and the prob-
ability that ONU i is connected to splitter sn , respectively. This step is repeated for
all splitters of each stage of the pruned tree until we reach the first splitter s1 next to
the OLT.

4. Finally, we calculate the probability that the OLT has a failure-free optical connection
to at least one of the M ONUs, which is given by

PO LT = (1 − p0) · Ps1 . (15.7)

Note that PO LT is equivalent to probability ri in Eq. (15.5) for i ∈ W . Thus, we have
P(O ∩ W �= ∅) = PO LT for ONU i , i ∈ W .

15.1.3 FiWi: NG-PON with both wireless and optical protection

So far, we have assumed that the LR-PON under consideration has no optical protection.
Recall from above that partial optical protection is a viable solution to improve the
survivability of LR-PONs by connecting one or more ONUs with additional back-up
fiber links to the OLT. Now, if there exists an ONU, say, ONU 1, with a safe optical
connection to the OLT (i.e., q1 = 1) by means of optical protection and ONU 1 ∈ W ,
then P(O ∩ W �= ∅) = 1 and

∑N
i=1 ri is maximal among all choices of W for a given

|W| = M , if we upgrade the M − 1 weakest ONUs (i.e., those ONUs with the lowest qi )
and ONU 1 with MPPs. Note that by maximizing

∑N
i=1 ri the mean number of ONUs

connected to the OLT becomes maximal.
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15.1.4 Failure-free connections among ONUs

To evaluate and compare the aforementioned selection schemes, we compute the aver-
age number of failure-free connections among ONUs (i.e., pairs of ONUs connected by
optical and/or wireless links). The average number D of failure-free connections among
ONUs is given by

D := E [|O ∪ W| · (|O ∪ W| − 1)] . (15.8)

To compute D, we can write

D = E

⎡
⎣( N∑

i=1

1O∪W (i)

)⎛⎝
⎛
⎝ N∑

j=1

1O∪W ( j)

⎞
⎠− 1

⎞
⎠
⎤
⎦ , (15.9)

where 1O∪W (i) denotes the indicator function of subset O ∪ W for a given ONU i and
is given by

1O∪W (i) =
{

1, i ∈ (O ∪ W)

0, i /∈ (O ∪ W).
(15.10)

Using this definition of the indicator function, we can extend Eq. (15.9) to

D =
N∑

i=1

N∑
j=1

P(i ∈ (O ∪ W), j ∈ (O ∪ W)) −
N∑

i=1

P(i ∈ (O ∪ W)), (15.11)

where the first term is computed by distinguishing the following cases

P(i ∈ (O ∪ W), j ∈ (O ∪ W)) =

⎧⎪⎪⎨
⎪⎪⎩

1, i ∈ W, j ∈ W
pi j , i /∈ W, j /∈ W
q j , i ∈ W, j /∈ W
qi , i /∈ W, j ∈ W

(15.12)

and the second term is given by

P(i ∈ (O ∪ W)) =
{

1, i ∈ W
qi , i /∈ W.

(15.13)

15.2 Numerical results

To facilitate a better understanding of survivability in NG-PONs, we first consider the
impact of the number of stages and number of ONUs on the optical fiber connection of
ONUs to the OLT without taking the WMN into account. Let us start with a conventional
2-stage PON and consider a typical number of N = 16 ONUs connected to the OLT.
We then increase the number of stages and number of ONUs to form NG-PONs. More
specifically, we consider a binary tree based PON, where each additional stage increases
the number of ONUs by a factor of 2. Toward this end, we replace the 1:16 splitter of
the conventional PON with a 1:2 splitter and attach two 1:16 splitters to the leaves
of the 1:2 splitter. As a result, the new PON has three stages and supports 32 ONUs
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Figure 15.2 Impact of number of stages and number of ONUs on the probability qi of an intact
optical connection of ONU i to the OLT.

at a distance of 2 from the OLT (i.e., di = 2). For each additional stage, we insert a 1:2
splitter next to the OLT and double the number of branches and attached ONUs until
we reach the maximum number N = 4096 ONUs, which is close to the experimentally
demonstrated state-of-the-art LR-PON with a total of 4352 ONUs (Talli and Townsend
[2006]). For now, we assume the same failure probability for the fiber links of differ-
ent stages (i.e., p0 = p1 = · · · =: p). Figure 15.2 depicts the probability qi that a given
ONU i is connected to the OLT vs. the number of stages for different fiber link failure
probability p ∈ {10−5, 10−4, 10−3}. We observe that the probability of an intact opti-
cal connection to the OLT decreases for an increasing number of stages and ONUs,
especially for p = 10−3. This figure illustrates the importance of providing improved
survivability in NG-PONs as their increased number of stages and ONUs result in a
decreasing ONU connectivity probability qi .

Next, we investigate the beneficial impact of interconnecting ONUs through a
WMN. Figure 15.3 depicts the average number D of failure-free connections among
a fixed number of N = 1024 ONUs vs. fiber link failure probability p, which is
assumed to be the same in all eight stages of the binary tree. For simplicity, we
use the random selection scheme to choose M ≤ N = 1024 ONUs, whereby M ∈
{0, 16, 32, 64, 128, 256, 512, 1024}. Except for M = N , we observe that the average
number of failure-free connections decreases for an increasing fiber link failure proba-
bility and asymptotically approaches zero for M ≤ 64. Increasing the number of wire-
lessly upgraded ONUs to M = 128 and higher increases the number of failure-free
connections. The random selection of M = 512, i.e., randomly equipping 50% of the
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Figure 15.3 Average number D of failure-free connections among N = 1024 ONUs vs. fiber link
failure probability p (same for all stages).

ONUs with MPPs, helps maintain roughly 25% of all connections among ONUs for a
medium and high fiber link failure probability p. Note that full connectivity among all
ONUs can be achieved for any value of p by equipping all N = 1024 ONUs with an
MPP.

In the following, we examine the benefits and limitations of equipping a subset of
ONUs with MPPs in greater detail by taking a number of different NG-PON topolo-
gies into account and comparing them with the above binary tree topology. Figure 15.4
shows the four different NG-PON topologies we consider for the performance evalua-
tion of our proposed selection schemes:

• Binary tree: As mentioned above, the binary tree uses 1:2 splitters in all its stages
except for the last one. The last stage uses 1:S splitters to connect the ONUs to the
tree. Each additional stage increases the number of attached ONUs by a factor of 2.
Note that in the binary tree all ONUs have the same distance to the OLT.

• Full tree: In the full tree, each stage deploys 1:S splitters. Similar to the binary tree,
all ONUs have the same distance to the OLT. Clearly, for a given number of ONUs
their distance is smaller in the full tree than in the binary tree.

• Pyramid: The pyramid uses only 1:S splitters, but ONUs are allowed to be located at
different distances from the OLT. In the pyramid, ONUs are connected not only to the
splitters of the last stage but also to intermediate splitters. Specifically, each interme-
diate splitter connects to S − 2 ONUs while the remaining two branches connect to
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Figure 15.4 NG-PON topologies: (a) binary tree, (b) full tree, (c) pyramid, and (d) cube.

the next stage. At the final stage, each splitter connects to S ONUs. Note that, like the
binary tree, each additional stage of the pyramid doubles the number of connected
ONUs.

• Cube: Similar to the pyramid, the cube deploys only 1:S splitters and allows ONUs
to have different distances to the OLT, whereby each stage increases the number of
ONUs by S − 1 ONUs. In the cube, each intermediate splitter connects to S − 1
ONUs while the remaining branch connects to the next stage. The final splitter has S
ONUs attached to it.

Changing the splitting ratio S of the aforementioned topologies leads to dif-
ferent NG-PON configurations. Figure 15.5 shows the impact of different S ∈
{16, 32, 64, 128, 256} on the average number D of failure-free connections in a binary
tree with M = 64 and N = 1024 vs. fiber link failure probability p (same for all stages).
We observe from Fig. 15.5 that the average number of failure-free connections among
ONUs increases for increasing splitting ratio S. This is due to the fact that a larger
S implies that fewer stages are required to connect the 1024 ONUs to the OLT. The
reduced number of required stages in addition to the fact that with an increased S
there are more fiber links at the final stage, whose cuts affect only single ONUs, make
the binary tree more robust against link failures, resulting in an increased number of
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Figure 15.5 Average number D of failure-free connections vs. fiber link failure probability p in
binary tree with different splitting ratio S for M = 64 and N = 1024.

failure-free connections and improved survivability. More importantly, note that the
results shown in Fig. 15.5 are the same for all four different selection schemes. That
is, in a binary tree we obtain the same value of D independent of the applied selec-
tion scheme. This is due to the fact that all ONUs have the same distance and are thus
identical in terms of link failure probability and disconnection from the OLT. As a con-
sequence, operators of a binary tree based NG-PON are free to choose any ONUs for
a wireless upgrade in order to achieve the same level of survivability, thereby greatly
simplifying network migration from NG-PON to FiWi networks. The selection of the
M ONUs can be made based on the requirements of the available WMN. For instance,
a network operator may select M ONUs that are close to each other in order to build a
WMN with fewer or even no intermediate MPs and wireless links of shorter length. The
same observations hold for our second NG-PON topology, the full tree. However, the
full tree is able to achieve a significantly higher number D of failure-free connections
than the binary tree, as shown in Fig. 15.6 for a fixed splitting ratio S = 32 and different
M ∈ {0, 128, 256, 512}, whereby N = 1024.

Next, we examine the pyramid NG-PON topology where ONUs don’t have the same
distance to the OLT. Figure 15.7 compares the performance of our different selection
schemes for a five-stage pyramid NG-PON topology with splitting ratio S = 32, which
translates into a total number of N = 466 ONUs, in terms of average number D of
failure-free connections vs. number M of ONU-MPPs. Furthermore, we allow each
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stage to have a different fiber link failure probability, i.e., p0 �= p1 �= · · · �= p4. More
specifically, we consider different scenarios where the fiber link failure probability per
stage is descending, ascending, or a combination thereof for an increasing distance from
the OLT. In the descending scenario, the fiber link failure probability per stage decreases
for an increasing distance from the OLT. Conversely, for an increasing distance from the
OLT the fiber link failure probability per stage increases in the ascending scenario. In the
ascending–descending scenario, the fiber link failure probability per stage increases for
an increasing distance from the OLT, with the middle fiber link having the highest link
failure probability, and from that link for an increasing distance from the OLT the fiber
link failure probability per stage decreases. Conversely, in the descending–ascending
scenario, the fiber link failure probability per stage decreases for an increasing distance
from the OLT, with the middle fiber link having the lowest link failure probability,
and from that link for an increasing distance from the OLT the fiber link failure prob-
ability per stage increases. In Fig. 15.7(a), the fiber link failure probability per stage
decreases by a factor of 10 for an increasing distance, whereby p0 = 10−4, p1 = 10−5,
p2 = 10−6, p3 = 10−7, and p4 = 10−8. We observe that all four selection schemes
essentially show the same performance since all ONUs, independent of their distance,
are equally affected by the dominating fiber link probabilities p0 and p1, which are by
one or more orders of magnitude larger than p2, p3, and p4. In contrast, a significant
difference between the selection schemes can be observed in the opposite case where
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Figure 15.7 Performance comparison of different selection schemes for a five-stage pyramid
NG-PON topology with splitting ratio S = 32 interconnecting N = 466 ONUs and various fiber
link failure probability scenarios: (a) descending, (b) ascending, (c) ascending–descending, and
(d) descending–ascending.

the fiber link failure probability per stage increases by a factor of 10 for an increasing
distance, as shown in Fig. 15.7(b) for p0 = 10−8, p1 = 10−7, p2 = 10−6, p3 = 10−5,
and p4 = 10−4. While no significant difference between the uniform and random selec-
tion schemes can be observed, Fig. 15.7(b) demonstrates that the scheme of selecting
the M weakest ONUs clearly outperforms the strongest ONU selection scheme. More
precisely, with the strongest ONU selection scheme, the performance gain is negligible
for up to M = 116, i.e., even upgrading 25% of the ONUs with MPPs does not achieve
any sizable survivability improvement. Conversely, with the weakest ONU selection, the
number D of failure-free connections grows exponentially for increasing M , reaching
almost full connectivity already for M = 233, i.e., 50% of the ONUs are upgraded with
an MPP. In Fig. 15.7(c), the central stage is assumed to suffer from the maximum fiber
link failure probability while fiber links failures become less likely towards the OLT
and far distant ONUs, i.e., we have p0 = 10−8, p1 = 10−6, p2 = 10−4, p3 = 10−6, and
p4 = 10−8. As shown in Fig. 15.7(c), we observe that such a failure scenario makes the
difference between the weakest and strongest ONU selection schemes less pronounced
and makes them comparable to the random and uniform selection schemes, especially
for small and large values of M . In the fourth and final failure scenario under con-
sideration, the central stage is assumed to be less failure prone than the other stages
by setting p0 = 10−4, p1 = 10−6, p2 = 10−8, p3 = 10−6, and p4 = 10−4, as depicted
in Fig. 15.7(d). Similarly to Fig. 15.7(b), the weakest ONU selection scheme is again
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Figure 15.8 Performance comparison of different selection schemes for a five-stage cube
NG-PON topology with splitting ratio S = 117 interconnecting N = 465 ONUs under the
ascending fiber link failure probability scenario.

superior to the strongest ONU selection scheme. However, for all four selection schemes
the number D of failure-free connections is smaller in Fig. 15.7(d) than in Fig. 15.7(b)
for M < N .

We have also studied the impact of the four aforementioned failure scenarios
(descending, ascending, ascending–descending, descending–ascending) on the perfor-
mance of the cube NG-PON topology. For a fair comparison with the above pyramid
topology, we have considered a five-stage cube that interconnects almost the same num-
ber of ONUs N = 465. Toward this end, we had to set the splitting ratio of the five-stage
cube to S = 117. Overall, we observed the same general behavior as in the pyramid with
only a few subtle differences, as highlighted in Fig. 15.8 for the ascending failure prob-
ability scenario with p0 = 10−8, p1 = 10−7, p2 = 10−6, p3 = 10−5, and p4 = 10−4.
Figure 15.8 illustrates that the choice of the right selection scheme becomes even more
important in the cube topology. While there is again no major difference between the
random and uniform selection schemes, the superiority of the weakest ONU selection
scheme over the strongest ONU selection scheme is more pronounced in Fig. 15.8 than
in Fig. 15.7(b). The former one achieves a value of D close to the maximum for already
M = 116, i.e., upgrading only 25% of the ONUs with an MPP, while no significant
performance gain can be observed for the latter one, even by wirelessly upgrading
M = 232, i.e., 50% of the ONUs, with an MPP. Thus, it seems that that for an NG-
PON topology with a high splitting ratio, such as our considered cube with S = 117,
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Figure 15.9 Average number D of failure-free connections vs. number M of wirelessly upgraded
ONUs for a five-stage cube NG-PON topology (S = 117, N = 465) with and without optical
protection.

the survivability can be improved significantly (i.e., D close to maximum) by equip-
ping only a relatively small subset of ONUs with an MPP. In other words, an NG-PON
topology with a high splitting ratio has the potential to provide a good survivability
performance–cost trade-off by deploying the right selection scheme.

So far, we have assumed that there is no optical protection. Figure 15.9 depicts the
beneficial impact of deploying optical protection in addition to interconnecting a sub-
set of ONUs through a WMN for the aforementioned five-stage cube topology with
S = 117 and N = 465. The figure shows the average number D of failure-free con-
nections vs. number M of wirelessly upgraded ONUs with and without optical protec-
tion using the weakest ONU selection. More precisely, without optical protection we
select the M weakest ONUs and interconnect them through a WMN, as shown above
in Fig. 15.9. With optical protection, the wirelessly upgraded M ONUs are addition-
ally optically protected by means of back-up fibers such that their optical connection to
the OLT can be considered safe, i.e., qi = 1. In Fig. 15.9, the number O P of optically
protected ONUs is O P ∈ {1, 7, 14, 29, 58, 116, 232, 465}. Figure 15.9 clearly demon-
strates that deploying partial optical protection in combination with using a WMN front-
end helps increase D significantly. Especially for small to medium M (and O P), partial
optical protection is an effective yet cost-efficient means to improve the survivability of
NG-PONs and FiWi networks considerably.
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15.3 Summary

Current TDM PONs are evolving into NG-PONs with the goal of achieving higher per-
formance parameters, e.g., higher data rates, increased splitting ratios, and longer fiber
reach than current state-of-the-art EPON/GPON architectures. In conventional PONs,
protection may be considered cost-prohibitive due to the relatively small number of
ONUs (typically in the range 16 to 64). However, due to their significantly higher num-
ber of attached ONUs, data rates, wavelength channel counts, and extended coverage,
network survivability is becoming a key issue in NG-PONs. In this chapter, we have
analyzed the survivability of NG-PONs and emerging hybrid FiWi networks in terms
of failure-free connections, either only optical or mixed optical–wireless, among ONUs
taking both optical and wireless partial/full protection into account. We have compared
the performance of various schemes to select ONUs and interconnect them wirelessly
through a WMN under the consideration of different network topologies and a wide
range of fiber link failure scenarios. Our obtained results indicate that for a given num-
ber of ONUs NG-PON configurations with a higher splitting ratio we are able to achieve
a higher degree of survivability in terms of failure-free connections among ONUs. Fur-
thermore, we have found that the choice of the right selection scheme has a significant
impact on the survivability of NG-PONs and FiWi networks. In the example of the cube
NG-PON topology, by using the weakest ONU selection scheme the number of failure-
free connections among ONUs is almost maximized by wirelessly upgrading only 25%
of the ONUs. Finally, we have seen that partial optical protection in combination with a
WMN front-end is an effective and cost-efficient means to improve the survivability of
NG-PONs and FiWi networks considerably, especially for small to moderate numbers
of required ONU-MPPs.
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We saw in Section 10.2 that significant progress has been made at the physical
layer of fiber-wireless (FiWi) and in particular radio-over-fiber (RoF) networks. How-
ever, state-of-the-art radio-and-fiber (R&F) networks integrating Ethernet passive
optical networks (EPONs) with a wireless local area network (WLAN)-based
wireless mesh network (WMN) (see Fig. 10.4) suffer from a poor quality of
video transmissions that sharply deteriorates for an increasing number of wireless
hops. Therefore, a more involved investigation of the performance of integrated
EPON/WLAN-based WMN networks, especially in the wireless segment, is
needed.

In this chapter, we propose and investigate a FiWi network architecture that con-
verges next-generation WLAN-based WMN and EPON networks. The considered
FiWi network architecture enables existent EPON networks to be upgraded with
wireless extensions in a pay-as-you-grow manner while providing backward compat-
ibility with legacy infrastructure and protecting previous investment. Furthermore,
the benefits of extending advanced frame aggregation techniques to EPON and their
integrated operation across both optical and wireless segments are investigated. For
more detailed information the interested reader is referred to (Ghazisaidi et al. [2010],
Ghazisaidi and Maier [2011]).

16.1 Integration of next-generation WLAN and EPON

Figure 16.1 depicts our proposed network architecture and node structures for inte-
grating a next-generation WLAN-based WMN with an EPON network. In this figure,
an ONU represents a conventional EPON optical network unit (ONU), as described in
Chapter 4. Some of the ONUs are upgraded with a mesh portal point (MPP) to inter-
face with the WMN. The selection of ONUs that are upgraded with wireless hardware
and software might be done based on various criteria, e.g., for wireless protection of
the EPON. Upgrading selected ONUs with wireless equipment might be done in a
pay-as-you-grow manner. In the integrated FiWi network of Fig. 16.1, the ONU MPP
and mesh point (MP) play a major role.



188 Hierarchical frame aggregation

Figure 16.1 Network architecture and node structures of integrated next-generation WLAN-based
WMN and EPON.

16.1.1 ONU MPP

An integrated ONU MPP node consists of the following four main modules: intra-
ONU scheduler, MPP scheduler, integrated rate controller (IRC), and MPP controller
(MPPC). The intra-ONU and MPP schedulers are used to transmit local and forward
in-transit traffic to the EPON and WMN, respectively. The ingress traffic and egress
traffic denote the traffic generated by and destined to the local ONU, respectively. The
IRC plays a key role in integrating the ONU and MPP. It comprises a traffic class
mapping unit, central processing unit (CPU), and traffic shaper. It is used to seamlessly
integrate both technologies and jointly optimize the intra-ONU and MPP schedulers.
The traffic class mapping unit translates the different EPON and wireless enhanced
distributed channel access (EDCA)/mesh deterministic access (MDA) traffic classes
bidirectionally. In EPON, ONUs use the priority queues defined in IEEE 802.1D to
store the following seven traffic types: network control, voice, video, controlled load,
excellent effort, best-effort, and background traffic (note that one queue is reserved for
future purpose). While EDCA deploys four different access categories AC_VO, AC_VI,
AC_BE, and AC_BK for voice, video, best-effort, and background traffic, respectively,
no specific traffic classes are defined for MDA in IEEE 802.11s. The bidirectional
class mapping between EPON and EDCA is done as follows: EPON network control
and voice traffic is mapped to EDCA AC_VO, EPON video and controlled load traf-
fic is mapped to EDCA AC_VI, EPON excellent and best-effort traffic is mapped to
EDCA AC_BE, and finally EPON background traffic is mapped to EDCA AC_BK.
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For guaranteed quality-of-service (QoS) support of EPON network control and voice
traffic as well as AC_VO, ONU MPPs and MPs use MDA to reserve bandwidth in the
WMN, provided there is sufficient unreserved bandwidth. Otherwise, ONU MPPs and
MPs use EDCA.

The traffic shaper checks the load of each scheduler and performs traffic shaping and
hierarchical aggregation/de-aggregation, as described in greater detail in Section 16.2.
The CPU synchronizes the aforementioned units and controls the intra-ONU and MPP
schedulers. More precisely, the role of the CPU is twofold: (i) synchronizing all the
operational processes at different modules of the IRC, including alarm management,
and (i i) monitoring and tuning the traffic shaper and schedulers dynamically in order to
optimize QoS-aware packet delivery. Moreover, the CPU monitors the load of incoming
traffic from the optical and wireless segments and synchronizes the schedulers based on
traffic monitoring information. For instance, in the case of wireless network congestion,
the CPU generates a congestion control message and sends it to the transmitter MP to
perform load balancing. We note that the dashed lines in Fig. 16.1 represent the moni-
toring functions executed by the CPU. The MPPC is responsible for handling incoming
and outgoing wireless traffic, beside establishing and monitoring wireless links.

16.1.2 MP

The wireless MP node structure comprises the following four main modules: MP sched-
uler, MP controller (MPC), fair bandwidth allocator, and CPU, which is used to monitor
the aforementioned components. The MP scheduler is used to forward in-transit traffic
to other wireless nodes. Incoming in-transit frames are transferred to the checker and
are subsequently switched to the scheduler or transit queues based on their type of
access, i.e., EDCA or MDA. The primary transit queue (PTQ) and secondary transit
queue (STQ) are defined for prioritized transmission of EDCA packets. More specif-
ically, the PTQ is dedicated to the two high-level priority access categories (i.e.,
AC_VO and AC_VI) and the STQ is used by the others (i.e., AC_BE and AC_BK).
MDA in-transit frames are processed by the scheduler without queueing and pass
the MP without de-aggregation. In contrast, EDCA frames can be de-aggregated and
re-ordered based on the priority of the transit queues. The fair bandwidth alloca-
tor module monitors the reserved MDA bandwidth and processes control congestion
packets. The MP, which receives many MDA opportunity (MDAOP) requests from
its neighborhood MPs, sends a fair bandwidth alarm message. As a result, the MP,
which receives the alarm, should find another MDA path to the destination or applies
AC_VO for transmitting high-priority traffic in the EDCA mode. Note that the above-
mentioned transit queues and fair bandwidth allocator module are inspired by IEEE
802.17 resilient packet ring (RPR) for its simplicity and cost-efficiency (Davik et al.
[2004]). The CPU synchronizes the aforementioned units and controls the MP sched-
uler and checker. The MPC is responsible for handling incoming and outgoing
traffic, beside avoiding local congestion. The mesh access point (MAP) node struc-
ture is similar to the MP node structure, but additionally provides service to wireless
stations (STAs).
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We note that our considered FiWi network is not restricted to any specific scheduling
algorithm for the ONU MPP and MP. ONU MPPs and MPs perform channel access,
bandwidth reservation, relaying, and routing according to the extensible routing pro-
tocol framework specified in IEEE 802.11s. They periodically monitor the reserved
MDA bandwidth and current traffic loads in the WMN for path computation and load
balancing. In the WMN, ONU MPPs and MPs apply the hybrid wireless mesh protocol
(HWMP), which aims at combining ad-hoc on-demand distance vector (AODV) and
tree-based pro-active routing algorithms.

16.2 Hierarchical frame aggregation techniques

We apply an aggregate MAC service data unit (A-MSDU) in the optical segment since
for an error-free medium such as optical fiber A-MSDU achieves a higher through-
put than an aggregate MAC protocol data unit (A-MPDU) (Lin and Wong [2006]), as
explained in Section 6.3.1. The A-MPDU is used in the error-prone WMN. We note that
the proposed frame aggregation techniques apply only to EDCA frames. As shown in
Fig. 16.1, our proposed hierarchical frame aggregation techniques involve the following
five different aggregation layers L0–L4:

• L0: This layer applies A-MSDU for traffic between the optical line terminal (OLT)
and conventional ONUs as well as for ingress and egress ONU MPP traffic going to
and coming from the OLT.

• L1: This layer performs hop-by-hop aggregation for traffic between the OLT and
first-hop MPs. A-MSDU is used for traffic between the OLT and ONU MPPs,
whereby an ONU MPP additionally applies A-MPDU for the first wireless hop.
More specifically, in the downstream direction an ONU MPP combines A-MSDUs
destined to the same first-hop MP and encapsulates them into A-MPDUs (i.e., joint
two-level aggregation). In the upstream direction, an ONU MPP first de-aggregates
incoming A-MPDUs arriving from one or more first-hop MPs and then re-orders
and aggregates the individual MSDUs into A-MSDUs based on their traffic identifier
(TID).

• L2: By default, all MPs are involved in relaying in-transit frames, but only a subset
of MPs are allowed to perform de-aggregation, re-ordering, aggregation of in-transit
frames. We refer to these special MPs as virtual root MPs (VRMPs). In general, any
MP between ONU MPPs and MAPs can be a VRMP. In the downstream direction, a
VRMP carries out two-level de-aggregation, re-ordering, and single-level A-MPDU
aggregation of frames destined to the same MAP. Note that a VRMP utilizes only
A-MPDU for aggregation due to its superiority on error-prone wireless links. In
the upstream direction, a VRMP first de-aggregates A-MPDUs coming from one or
more MAPs, re-orders the individual MSDUs based on their destination address and
TID, and then performs two-level aggregation (i.e., joint A-MSDU and A-MPDU) of
in-transit frames going to the OLT. MPs located between a VRMP and an ONU-MPP
relay the two-level frame aggregates and are not allowed to de-aggregate them. At the
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ONU-MPP, two-level aggregates coming from a VRMP are translated into their con-
stituent A-MSDUs, which are subsequently forwarded to the OLT. The selection of
VRMPs has a major impact on the network performance, as we will see shortly in
Section 16.4.

• L3: This layer combines L2 aggregation of frames exchanged between the OLT and a
given VRMP with hop-by-hop A-MPDU on the wireless link(s) between each MAP
and the given VRMP.

• L4: This layer is designed for end-to-end aggregation of traffic between the OLT
and STAs. A-MPDU is used on the wireless link between each STA and its associ-
ated MAP, which in turn performs L3 aggregation for communication to and from
the OLT.

16.3 Capacity of wireless mesh front-end

In the WMN, we let N nodes, i.e., MPPs, MPs, or STAs, be uniformly distributed. In
an error-free single-channel WMN, a pair of nodes are connected if and only if the
distance between them is less than their maximum radio transmission range to satisfy
the constraints of EDCA or MDA. For instance, the maximum distance between two
connected nodes is less than 2.7 km in IEEE 802.11n with a slot size of 9 µs and
short interframe space (SIFS) of 16 µs. In our network model, the simultaneous data
transmission on two different edges e = {i, j} and ẽ = {k, l} is possible if and only if e
and ẽ are sufficiently far apart from each other, i.e., none of the nodes i and j is adjacent
to any of the nodes k and l. We note that edges are undirected, i.e., we write {i, j} rather
than (i, j).

For simplicity, we consider shortest path routing in terms of number of hops. Let λi j

be the traffic rate from WMN node i to j scaled such that λi j = 1 corresponds to the
maximal capacity of the edges. For each edge e = {i, j}, we determine the total traffic
in both directions t{i, j} by summing up all λkl for nodes k and l that use edge e. Let ξ

denote the set of all edges. We call ζ ⊆ ξ admissible, if any two different edges in ζ are
far apart. Note that a set of edges is admissible if and only if all edges of the set can be
used simultaneously for data transmission. We say that ζ ⊆ ξ is maximally admissible,
if ζ is admissible and ζ ⊆ ζ̃ ⊆ ξ , where the admissibility of ζ̃ implies ζ̃ = ζ .

In a stable system, there exists a maximally admissible set ζ such that only edges
of that set are used for each data transmission. We note that ζ may not be unique. If
αζ denotes the long-time probability in which ζ is used, then the stability condition is∑

ζ αζ ≤ 1. The network stability means that each edge e ∈ ξ can cope with the traffic
te that has to go through e. Therefore, a necessary condition for network stability is that
for each maximally admissible ζ , there exists αζ ≥ 0 such that{ ∑

ζ αζ = 1∑
e∈ζ αζ ≥ te

. (16.1)

Linear programming can be used to solve the stability limits of Eq. (16.1) and thus
obtain the capacity of WMN.
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16.4 Numerical and experimental results

In our first set of simulations, we consider uniform unicast traffic between OLT, ONU
MPPs, and STAs. We assume that 48 STAs are connected to the OLT through 80 MPs
and 32 ONU MPPs, whereby the distance between ONU MPPs and OLT is set to 20
km. The STAs are located at a range of 2 km of the associated MPs, while the distance
between a connected pair of MPs and MPPs is set to 2 km. The optical line rate is set to
1 Gb/s. We consider Poisson data traffic with different packet sizes equal to 40, 552, and
1500 bytes according to a distribution of 50%, 30%, and 20%, respectively, transmit-
ted with an additional 20-byte transmission control protocol (TCP) header and 20-byte
Internet protocol (IP) header. In addition, we use the voice codec standard ITU-T G.711
with a constant bit rate (CBR) source rate of 64 kb/s, where each packet contains 12,
8, and 20 bytes of real-time transport protocol (RTP), user datagram protocol (UDP),
and IP headers, respectively. We deploy MPEG-4 video codec to encode 600-byte pack-
ets at a data rate of 768 kb/s, which generates UDP CBR traffic, including 8 bytes and
20 bytes of UDP and IP headers, respectively. In our simulations, the two voice and
video codecs are used simultaneously, each encoding 50% of generated traffic, while
Poisson traffic uses 20% of the network capacity. In EPON, we use the limited-service
interleaved polling with adaptive cycle time (IPACT) with a maximum grant size of
Gmax =15 kbytes as the dynamic bandwidth allocation (DBA) algorithm (Kramer et al.
[2002a]). In WLAN, the bit error rate (BER) of the wireless channel is set to 10−5.

In Fig. 16.2, the analysis results show the upper-bound of network throughput (i.e.,
capacity) verified by simulation. The simulations yield smaller throughput results than
the analysis due to the realistic wireless channel conditions and applying a request to
send/clear to send (RTS/CTS) packets in WMN as well as REPORT/GATE packets in
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Figure 16.3 Impact of advanced aggregation techniques on network performance under
triple-play traffic.

EPON. Furthermore, Eq. (16.1) shows the stability limits of WMN for a flow of packets,
while the limited-service granting approach is used in our simulations. As result, we
observe that the simulation results of the proposed aggregation techniques (with smaller
overhead) are closer to the analysis results than without aggregation, including larger
overhead.

Figure 16.3 shows the impact of our proposed aggregation techniques on the per-
formance of the FiWi network for various WMN data rates under triple-play traffic
(i.e., voice, video, and data). In this figure, mean throughput and mean delay are aver-
aged over all three traffic types.

In the remaining simulations, we assume 32 ONUs to be located at 20 km from the
OLT, whereby 16 ONUs are equipped with an MPP. Furthermore, we assume that two
STAs are located at 30 m from their associated MAP and the distance between a pair of
adjacent MAP, MP, and ONU MPP equals 1 km. Each STA connects to an ONU MPP
via an MAP and two intermediate MPs. In L3 of Fig. 16.1, each ONU MPP connects to
two MPs and each MP is in the transmission range of two ONU MPPs. In total, there
are 16 ONUs, 16 ONU MPPs, 32 MPs, 16 MAPs, and 32 STAs. The EPON and WMN
data rates are set to 1 Gb/s and 100 Mb/s, respectively. We consider the uniform unicast
triple-play traffic from above, where a given node (i.e., OLT, ONU, ONU MPP, or STA)
sends a generated packet to any other node with equal probability 1/(N − 1) and N
denotes the number of nodes.

Figure 16.4 illustrates the beneficial impact of our hierarchical frame aggregation on
the throughput-delay performance of integrated EPON-WLAN based FiWi networks for
voice, data, and especially video traffic. The 95% confidence intervals exhibit an error
of less than 10% from the mean values. We examine the performance of two different
VRMP selection schemes. In Fig. 16.4(a), we apply the so-called MAP neighborhood
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Figure 16.4 Impact of hierarchical frame aggregation on integrated EPON-WLAN network
performance under triple-play (voice, video, and data) traffic: (a) using the MAP neighborhood
VRMP selection scheme and (b) comparing two different VRMP selection schemes.

VRMP selection scheme, which selects the MPs next to the MAPs as VRMPs, and show
its superior performance to an EPON-WLAN network without using our hierarchical
aggregation techniques. In Fig. 16.4(b), we compare the MAP neighborhood VRMP
selection scheme with another scheme, which we call the maximum connections VRMP
selection scheme. The latter one selects the MPs with the maximum number of wireless
connections, which happen to be located next to the ONU MPPs in our scenario. Fig-
ure 16.4(b) shows that the first scheme is able to achieve a smaller mean delay, whereas
the second one may be used to further increase the mean throughput. Thus, the through-
put and delay of the network can be improved by selecting VRMPs at different locations.

Next, we experimentally investigate frame aggregation in both the optical and wire-
less segments. Our FiWi testbed consists of a Sun Telecom GE8200 EPON with four
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Table 16.1. Experimental results: Impact of hierarchical frame aggregation techniques
on FiWi network performance for 60 second VoIP connection.

Optical Wireless Mean jitter Mean packet loss MOS

w/o Aggregation w/o Aggregation 4.7 0.2 3.5
w/o Aggregation w/ A-MSDU 3.7 0.1 3.9
w/o Aggregation w/ A-MPDU 2.5 0.1 4.3
w/o Aggregation w/ Joint Two-level 2.4 0.09 4.4
w/ A-MSDU w/ Joint Two-level 2.1 0.09 4.6

ONUs located at 20 km from the OLT. One ONU interfaces with a ZyXEL NWA570N
next-generation WLAN access point to realize an ONU MPP. We measured the perfor-
mance in terms of mean jitter (given in ms), mean packet loss (given in %), and mean
opinion score (MOS) (MOS [2009]) for a 60 second voice over Internet protocol (VoIP)
connection between the OLT and a laptop computer (STA) at 30 m from the ONU MPP
using MyConnection PC.1 Table 16.1 demonstrates that applying frame aggregation in
each segment of the network improves the performance. Interestingly, we observe that
A-MSDU decreases packet loss and increases throughput due to the small VoIP packet
sizes over a wireless channel with small packet error rate (PER). Furthermore, the table
shows that deploying A-MSDU in EPON helps decrease mean jitter and increase MOS
considerably.

16.5 Summary

We proposed and examined advanced hierarchical frame aggregation techniques to
improve the throughput-delay performance of an integrated WLAN-mesh/EPON based
FiWi network for voice, video, and data traffic. In our hierarchical frame aggregation
techniques, we applied A-MSDU in the error-free optical segment and both two-level
A-MSDU/A-MPDU and A-MPDU in the error-prone WMN. The use of adaptive frame
aggregation techniques according to instant traffic loads and wireless channel condi-
tions (such as BER) would be a promising approach to further improve the performance
of our proposed FiWi network. We evaluated the capacity of WMNs through proba-
bilistic analysis and verifying simulations and investigated the performance of a FiWi
network consisting of an EPON and WLAN-based WMN. The obtained results show
that the proposed aggregation techniques improve the throughput-delay performance of
the FiWi network under data and triple-play traffic. Our simulation results showed that
the selection of VRMPs has a major impact on the network performance. Moreover, our
experimental results showed that deploying hierarchical frame aggregation techniques
improves the mean jitter, mean packet loss, and MOS of FiWi networks, while extend-
ing A-MSDU to EPON further decreases mean jitter and increases the MOS.

1 MyConnection PC, 2010; http://www.myconnectionpc.com
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The wireless mesh front-end of fiber-wireless (FiWi) access networks provides multiple
paths to route traffic coming from and going to the optical backhaul. In this chapter,
we review a variety of recently proposed routing algorithms that aim at optimizing the
network performance in terms of delay, throughput, packet loss, load balancing, and
other important metrics such as path availability and power consumption. The consid-
ered routing algorithms cover either only the wireless front-end or both the wireless
and optical domains of FiWi access networks. Furthermore, this chapter elaborates
on various techniques to provide service differentiation and end-to-end guaranteed
quality-of-service (QoS) and enable QoS continuity across the optical–wireless inter-
face of FiWi broadband access networks.

17.1 Wireless routing algorithms

In this section, we describe various recently proposed routing algorithms for the wireless
front-end of FiWi access networks. All of the discussed wireless routing algorithms aim
at finding the optimal path through a wireless mesh front-end by meeting one or more
objectives.

17.1.1 DARA

A pro-active routing algorithm, referred to as the delay-aware routing algorithm
(DARA), which minimizes the average packet delay between a router and any wire-
less mesh gateway was presented in (Sarkar et al. [2007b, 2008]). DARA is a link-state
routing algorithm, where each wireless mesh router and gateway periodically adver-
tises their link conditions (i.e., traffic intensity and link capacity with time stamp) in
link state advertisement (LSA) messages. Upon reception of an LSA message, each
router/gateway predicts the traffic intensity, which is used to predict the state of the cor-
responding link until the next LSA message arrives. To make sure that the resultant link
state prediction (LSP) is accurate, the authors proposed to use weighted moving average
(WMA) to estimate the traffic intensity of a given link between the current LSA message
and the next LSA message. Based on the LSP information, each wireless link is assigned
a weight according to its predicted transmission, synchronization, and queuing delay.
More precisely, links with higher predicted delays are given higher weights and vice
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versa. Subsequently, for each pair of router and gateway a single (or alternatively K > 1
for load balancing) minimum-weight path(s) is (are) computed. In addition, DARA per-
forms admission control, where a packet is admitted into the wireless mesh only if the
predicted delay along the computed path is below a predetermined threshold. Otherwise,
the packet is rejected.

The presented simulation results indicate that DARA outperforms other routing algo-
rithms such as minimum hop routing, shortest path routing, and predictive throughput
routing in terms of delay. Furthermore, DARA is able to improve load balancing and
alleviate congestion compared to minimum hop and shortest path routing algorithms. It
also improves the average hop count compared with the predictive throughput routing
algorithm.

17.1.2 DDRA

The aforementioned DARA routing algorithm does not allow for any sort of QoS dif-
ferentiation. To do so, the so-called delay-differentiated routing algorithm (DDRA) was
introduced in (Chen et al. [2010]). The objective of DDRA is to decrease the delay of
upstream transmissions to a server located at the optical line terminal (OLT) of a passive
optical network (PON). Toward this end, the authors define the delay-to-server (DTS)
as the time from a wireless mesh network client to the server. Traffic is divided into
DTS-sensitive and DTS-insensitive traffic. Given that a significant proportion of the
path delay generally occurs at the wireless bottleneck links between gateways and their
adjacent wireless mesh routers, the delay performance can be improved by attaching
external buffers to these routers. The external buffers can store DTS-insensitive data
packets when links are congested and forward them to the server when the links to the
gateways become less congested. In doing so, under high traffic loads DDRA decreases
the queuing delay of DTS-sensitive traffic by temporarily storing DTS-insensitive data
packets in external buffers. A given ingress wireless router computes a path to a gate-
way, if the traffic is DTS-sensitive. In the case of DTS-insensitive traffic, a path from
the ingress router to one of the external buffers is computed. Specifically, the path to a
gateway will be selected based on its computed delay. Whereas the path to an external
buffer is chosen by taking both the delay and size of the external buffer into account.

The performances of DDRA and DARA were compared by means of simulation.
The results reported in (Chen et al. [2010]) show that under light loads DDRA and
DARA achieve roughly the same delay performance for DTS-sensitive traffic, though
DTS-insensitive traffic suffers from a slightly higher delay. Under increasing traffic
loads, DDRA outperforms DARA in terms of delay and can support nearly 1.2 times the
maximum load that DARA can handle, at the expense of additional hardware require-
ments at some of the wireless mesh routers.

17.1.3 CaDAR

The capacity of wireless mesh networks is limited. This is particularly true for single-
radio wireless mesh networks, where each mesh node is equipped with only one radio,
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whose capacity needs to be distributed among all the node’s outgoing links by means
of time division multiple access (TDMA). By assigning time slots of different dura-
tion to a node’s outgoing links according to given traffic demands, each of these
links has a different capacity. In (Reaz et al. [2007, 2008a]), a new routing algorithm,
called capacity and delay aware routing (CaDAR), was proposed with the objective
of distributing the radio capacity of a single-radio wireless mesh network node opti-
mally among its outgoing links such that the average delay is minimized. Specifically,
in CaDAR, each node informs its neighboring nodes about the current traffic load of
all its outgoing links via periodic LSA messages. Based on the advertised link loads,
the CaDAR algorithm determines the fraction of a node’s radio capacity that should be
assigned to each of its outgoing links. Subsequently, each link is assigned its delay as
weight and CaDAR computes the shortest delay path for each pair of wireless mesh
router and gateway. Similar to DARA, CaDAR may deploy admission control and
WMA to estimate the traffic load of each link. It was shown for a 25-node single-radio
IEEE 802.11g wireless local area network (WLAN) based mesh network that CaDAR
can support nearly three times the maximum load DARA can handle while maintaining
low delays.

To increase the capacity of the wireless front-end and better match it to the optical
backhaul, one promising approach is to deploy multiple radios at nodes that carry higher
traffic volumes. In (Reaz et al. [2008b]), the problem of optimum placement of a second
radio at selected wireless routers/gateways was formulated as an integer linear program
(ILP) with the objective of maximizing the throughput-delay ratio of the wireless front-
end. By means of simulation it was shown that the maximum throughput performance of
CaDAR can be almost doubled if only the gateways deploy an additional second radio
while leaving all mesh routers with a single radio. Equipping some of the wireless mesh
routers with an additional radio does not lead to an increased maximum throughput
due to the fact that the bottleneck links remain the same; however, it helps reduce the
average delay of the network to some extent. In fact, the throughput-delay ratio of the
wireless front-end increases for a growing number of multiple-radio mesh routers.

In a wireless front-end with multiple-radio mesh nodes, it is important to assign the
wireless channels efficiently such that contention is reduced. A channel assignment
scheme that balances traffic loads among wireless channels to minimize contention
was investigated in (Reaz et al. [2008c]). The proposed channel assignment scheme
performs load balancing of traffic flows across different channels in order to main-
tain a similar level of contention on each channel. Using CaDAR for routing, it was
shown by means of simulation that the proposed flow-aware channel assignment scheme
effectively balances the load across different wireless channels, resulting in a reduced
contention throughout the wireless front-end.

17.1.4 RADAR

In FiWi access networks, packet loss may occur due to various failures, e.g., gateway
or OLT failure. To cope with packet loss, the so-called risk-and-delay aware routing
(RADAR) algorithm was studied in (Sarkar et al. [2007b]). RADAR is an extension
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of the above-mentioned DARA routing algorithm. Similar to DARA, each wireless
router/gateway advertises the wireless link states in periodic LSA messages and assigns
weights to wireless links according to their delays for minimum delay path computa-
tion. Unlike DARA, each mesh router maintains a risk list to keep track of failures. If a
failure occurs, the risk list is updated and subsequent packets are rerouted. Specifically,
a risk list contains the following six fields:

• Path number
• Primary gateway group (PGG)
• Secondary gateway group (SGG)
• Tertiary gateway group (TGG)
• Path status
• Path delay

whereby the path status can be either live or stale. The primary gateway for a given
mesh router is the gateway with the minimum delay path. The PGG contains paths to
the primary gateway and other gateways connected to the same optical network unit
(ONU) of a back-end PON. The SGG contains paths to gateways that are connected to
different ONUs but the same OLT as the PGG. The TGG contains paths to gateways
that are connected to a different OLT.

In the event of one or more FiWi network failures, the risk list of affected mesh routers
is updated accordingly. More precisely, if the primary gateway fails, then all the paths
to that gateway become stale and packets destined for the primary gateway are rerouted
through live PGG paths. If the ONU of the PGG paths fails, all PGG paths become stale
and packets are rerouted along live SGG paths. If the common OLT of the SGG paths
fails, all SGG paths become stale and packets are rerouted along live TGG paths.

RADAR provides protection against multiple wireless front-end and/or optical back-
end network failures. It minimizes the average packet delay in the wireless front-end
and reduces the packet loss of FiWi access networks significantly. It was shown by
means of simulation that in terms of both average delay and packet loss RADAR clearly
outperforms minimum hop, shortest path, and predictive throughput routing algorithms
for a wide range of failure scenarios such as gateway, ONU, and OLT failures.

17.2 Integrated routing algorithms

This section reports on recent progress on integrated routing algorithms for FiWi access
networks. Integrated routing algorithms compute paths across the optical–wireless inter-
face by taking both the wireless and optical domains into account.

17.2.1 CaDAR with optical delay awareness

The CaDAR routing algorithm, originally intended only for the wireless front-end
as explained above in Section 17.1.3, can be extended to perform integrated path
computation across both the wireless and optical domains of FiWi access networks.
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In (Reaz et al. [2009]), CaDAR was used in conjunction with interleaved polling with
adaptive cycle time (IPACT) with constant credit service as dynamic bandwidth alloca-
tion (DBA) algorithm in a backhaul Ethernet PON (EPON). Recall from Section 4.3.1
that IPACT arbitrates the communication between OLT and ONUs. For downstream
data transmissions to a wireless destination node, the OLT selects a gateway such that
data packets travel on the minimum delay path across the EPON and wireless mesh
front-end. To select the correct gateway, all gateways periodically send LSA messages to
the OLT and the OLT computes the minimum delay path across the EPON and wireless
mesh front-end. To calculate the minimum delay path for upstream data transmissions
from wireless mesh clients to the OLT, a gateway takes the current load of its collocated
ONU into account and estimates the upstream delay on the EPON. Subsequently, the
gateway disseminates the estimated delay throughout the wireless mesh front-end via
periodic LSA messages. A given wireless mesh source node uses this information for
computation of the minimum delay path to the OLT.

The presented simulation results investigated the average packet delay for CaDAR
under the assumption of equally and unequally loaded ONUs. It was shown that, when
the load of a particular ONU is increased, more traffic is diverted toward gateways
collocated with other ONUs. When all ONUs have equal load, traffic from wireless
mesh source nodes tends to go toward the closest gateway using fewer wireless hops,
which translates into shorter delays.

17.2.2 Availability-aware routing

Apart from capacity, one of the major differences between the optical and wireless parts
of FiWi access networks is the fact that optical wired links are much more reliable
than their wireless counterparts, whose transmission characteristics depend on a number
of different parameters. This major difference between optical fiber and wireless links
should also be taken into account in the design of integrated routing algorithms for FiWi
access networks.

An availability-aware routing algorithm for PON/wireless mesh based FiWi
networks was examined in (Shao et al. [2010]). Availability is the probability that a
connection will be found in the operating state at a random time in the future. It is
given by

Availabili t y = MTTF

MTTF + MTTR
, (17.1)

where MTTF denotes the mean time to failure and MTTR denotes the mean time to
repair. Availability is in general affected by many factors and is an important param-
eter in the service level agreement (SLA) between network operators and customers.
The availability of a path can be calculated as the product of the availabilities of
the individual links, whereby the most available path is defined as the path with the
highest availability from the source node to the destination node of a given connec-
tion request. The performance of the availability-aware routing algorithm was inves-
tigated for different link availabilities and compared with shortest path routing under
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uniform traffic. It was shown by means of simulation that the availability-aware routing
algorithm is able to achieve a higher average availability for the selected paths than the
shortest path routing, especially at low traffic loads. However, availability-aware routing
is less bandwidth-efficient than shortest path routing due to an increased mean number
of hops.

A link availability model for FiWi access networks was developed in (Kiese et al.
[2009]) and its performance was analyzed for various routing algorithms, including
DARA, CaDAR, availability-aware routing, and multi path routing. The obtained results
show that shortest path routing using link unavailability as the link cost metric signif-
icantly improves the availability of the selected paths. Moreover, it was shown that
multipath routing helps further improve the availability compared with single-path
routing.

17.2.3 Multipath routing

Multipath routing and its implications have been studied in greater detail in (Wang et al.
[2010]). With multipath routing, data packets can be sent upstream to the OLT along
multiple paths in the wireless front-end, resulting in improved load balancing and fault
tolerance as well as higher network throughput. However, these data packets may arrive
at the OLT out of order due to the fact that each path in general has a different delay.
As a consequence, the out-of-order packets deteriorate the performance of the trans-
mission control protocol (TCP). In PON-based FiWi access networks, the OLT serves
as a convergence node of all upstream data flows and may as such resequence arriving
packets to some extent, thereby mitigating the detrimental impact of out-of-order packet
delivery and increasing TCP throughput.

In (Wang et al. [2010]), the authors proposed an optimal flow assignment and
fast packet resequencing algorithm in order to reduce the out-of-order probability
of upstream packets injected by the OLT to the Internet. In this approach, packets
belonging to the same flow are sent to the OLT along multiple paths. The delay along
different paths may be different and may vary over time. The OLT maintains two first-
in-first-out (FIFO) priority queues with preemptive priority scheduling. Out-of-order
packets are stored in the high-priority queue, while the remaining packets are put in
the low-priority queue. Flows are optimally assigned among the different paths with the
objective of minimizing the out-of-order probability beyond the OLT subject to given
packet delay requirements.

17.3 Energy-aware routing

FiWi networks and access networks in general suffer from a major shortcoming. In
today’s Internet, the total energy consumption is dominated by access networks and
as access rates of tens of Mb/s become commonplace, it will be necessary to improve
their energy efficiency in order to avoid a significantly increased greenhouse footprint
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of the Internet (Tucker et al. [2009]). “Green" energy-efficient FiWi access networks
can be realized by putting selected nodes, e.g., ONUs and wireless mesh routers, in a
low-power (sleep) state in a coordinated manner during low traffic load hours in order
to save energy (Mukherjee and Chowdhury [2009]).

A couple of interesting techniques to design green EPON/WLAN-mesh based
FiWi access networks were studied in (Chowdhury et al. [2009b, 2010]). The authors
proposed a centralized sleeping mechanism that allows the OLT to put low-load ONUs
to sleep. Specifically, the OLT maintains two watermarks for the traffic load at each
ONU, one low and one high watermark. The OLT observes the traffic load at each ONU
by monitoring the length of the corresponding queues. If a given ONU operates under
the low watermark, the OLT puts it to sleep and the wireless front-end is used to reroute
traffic to other active ONUs. The OLT wakes a sleeping ONU up when the traffic load of
the active ONUs crosses the high watermark in order to cope with the increased traffic
load. The authors formulated this problem as a mixed integer linear program (MILP) to
determine the minimum number of ONUs that need to be kept active to support a given
traffic load, while all remaining ONUs are put in the sleep mode, thereby minimizing
the power consumption of the FiWi access network.

The model can be solved for small FiWi network instances. However, for FiWi access
networks with a larger number of nodes and higher traffic loads, heuristics are needed
to solve the problem. Toward this end, the authors investigated an energy-aware routing
algorithm. The objective of the proposed energy-aware routing algorithm is to use
already existent paths and put the other FiWi network segments to sleep. To do so,
the residual capacity of each link is assigned as its weight and LSA messages are peri-
odically sent to inform all other network nodes about the current residual capacity of
each link. Based on this information, data packets are routed along the lowest residual
capacity path between each pair of source and destination nodes. Note, however, that
this approach increases the average path length and path delay since the algorithm in
general provides routes that are longer than the corresponding shortest paths. To miti-
gate this problem, the authors proposed to use a so-called hop offset. Given a path of n
hops, for each hop a hop offset m ≥ 1 is added to the path cost, i.e., n × m is added to
the original cost of the path. The presented simulation results indicate that a significant
number of ONUs of an EPON/WLAN-based mesh FiWi access network can be put to
sleep without compromising its delay performance.

17.4 QoS continuity

A plethora of enabling optical and wireless network technologies and QoS provision-
ing techniques exist for FiWi access networks. In this section, we highlight some of
the recently proposed techniques to provide QoS continuity across the optical–wireless
interface of FiWi access networks. For a more detailed and comprehensive descrip-
tion of QoS provisioning techniques for FiWi access networks the interested reader is
referred to (Maier and Ghazisaidi [2010]).
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17.4.1 QoS-aware scheduling

A centralized QoS-aware scheduling algorithm was proposed in (Luo et al. [2007]) to
deliver services to both wireline and wireless users of an integrated EPON-WiMAX
network. For QoS provisioning, the proposed scheduling algorithm utilizes the inte-
grated ONU/WiMAX outdoor unit (ODU) to collect the resource information and
service requests from all wireless subscribers. Whenever the wireless link condi-
tions change, a WiMAX subscriber station sends a bandwidth request message to its
associated ODU to update its service requirements. The collocated ONU aggregates
the received bandwidth requests from multiple subscribers into a small number of
multipoint control protocol (MPCP) REPORT messages and sends them upstream to
the hybrid OLT/WiMAX base station, which acts as the central controller of the inte-
grated EPON/WiMAX network. The aggregation of multiple bandwidth request mes-
sages into a small number of REPORT messages helps reduce the signaling overhead
and achieve an improved throughput-delay performance. For each polling cycle, the
central controller schedules the received bandwidth requests based on their traffic class
and informs the WiMAX subscriber stations about the resultant upstream transmission
schedule.

The presented simulation results show that the centralized QoS-aware scheduling
algorithm is able to improve both network delay and throughput by roughly 10% com-
pared with a distributed multihop scheduling algorithm, where each hop makes its own
local transmission decision without any global knowledge of the status of all wireless
links.

17.4.2 Enhanced MPCP and admission control

A resource management framework with the objective of maximizing the resource
utilization and optimizing the QoS performance in both the optical and wireless seg-
ments of an integrated EPON/WiMAX network was investigated in (Yan et al. [2009]).
The framework comprises two parts. The first part is the so-called enhanced MPCP
(E-MPCP), which aims at improving the signaling between EPON and WiMAX.
The second part is called the integrated optical wireless admission control (IOW-AC)
scheme, which is used to provide integrated bandwidth allocation in an EPON/WiMAX
network.

In this approach, the collocated EPON ONU and WiMAX base station are integrated
into a single device referred to as an access gateway. In E-MPCP, the GATE message
is modified such that it contains an additional 3-byte field called the next cycle time,
which denotes the time interval between two consecutive polling operations of a given
access gateway. In doing so, the access gateway knows the estimated waiting time for
its next poll and can thus calculate the transmission delay in the optical domain more
accurately. The IOW-AC works as follows. Upon reception of a new service request,
the access gateway calculates the transmission and propagation delays by taking the
wireless network conditions and traffic profile into account. Subsequently, the access
gateway calculates the queuing delay based on the current buffer occupancy. Finally, the
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access gateway also takes the aforementioned transmission delay in the optical segment
into account and determines the estimated overall delay across both WiMAX and EPON
networks. If the overall delay is smaller than a pre-specified delay bound the service
request is accepted. Otherwise, the service request is rejected.

Simulation results were presented to compare the proposed integrated resource man-
agement framework with a conventional resource management scheme that controls the
EPON and WiMAX networks separately from each other. The reported results show that
E-MPCP and IOW-AC are superior to the separated resource management scheme in
terms of channel utilization and dropping probability for both best-effort and real-time
traffic. However, it is important to note that the performance of the integrated resource
management framework largely depends on the network size and traffic profile.

17.4.3 QoS mapping

One important aspect of QoS continuity across the optical–wireless interface of FiWi
access networks is the appropriate mapping of traffic classes of different optical and
wireless broadband access technologies. In general, optical and wireless broadband
technologies differ in the number and/or type of traffic classes. For instance, EPON
deploys the eight priority traffic classes defined in IEEE standard 802.1D. On the other
hand, we saw in Chapter 7 that fixed and mobile WiMAX defines four and five schedul-
ing services respectively, to support different traffic classes, while in IEEE 802.11e
QoS-enabled WLANs four different access categories are used, each associated with
a different wireless channel access priority (see Chapter 6). These different prior-
ity queues, scheduling services, and access categories are used to meet the specific
QoS requirements of different services and applications such as voice, video, email,
web browsing, file transfer, etc. To provide end-to-end QoS support in FiWi access
networks consisting of cascaded EPON, WiMAX, and/or WLAN networks for a vari-
ety of services and applications with different QoS requirements, the priority queues,
scheduling services, and access categories must be mapped properly, which can be
easily done in a straightforward manner (Lee et al. [2009]).

17.4.4 Optical burst wireless mesh architecture

A metropolitan area FiWi network architecture, called optical burst wireless mesh
architecture (OBWMA), which interconnects multiple wireless mesh networks (WMNs)
at the user access side through an optical burst switching (OBS) core network, was
proposed in (Belbekkouche et al. [2010, 2011], Rezgui et al. [2011]). One or more
gateways of each WMN are connected to an OBS edge node. To provide end-to-end
guaranteed QoS, OBWMA accepts a new flow request only when the flow end-to-end
delay and bandwidth requirements can be met in the WMN. In the WMN, each mesh
node has two radios with several orthogonal channels per radio. The wireless chan-
nels are statically assigned to each radio such that interference is minimized. The OBS
core network is a wavelength division multiplexing (WDM) ring network consisting of
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several OBS edge nodes. Each OBS edge node aggregates received data packets into
bursts based on the packets’ destinations.

OBWMA supports two traffic classes. The high-priority traffic class has QoS require-
ments with respect to delay and bandwidth, while the low-priority traffic class doesn’t
have any QoS requirements (i.e., best-effort traffic). In the WMN, a certain percent-
age of the link capacity is allocated to each traffic class at every mesh node and either
traffic class is allowed to exceed its allocated bandwidth only if the other traffic class
has not reached its maximum bandwidth. Otherwise, excess traffic needs to be dropped.
To enable loss-free transport of high-priority traffic across the OBS core network, each
OBS network node is assigned a number of local wavelength channels that are dedi-
cated to the transmission of high-priority traffic. Low-priority traffic is sent on any of the
remaining contention-based wavelength channels or on the aforementioned local wave-
length channels, provided that there is no high-priority traffic. To ensure end-to-end
guaranteed QoS across the WMN and OBS networks, a control bridge is deployed at the
OBS edge node, which has global knowledge about the OBWMA network resources.
The control bridge performs QoS mapping between the WMN and OBS networks of
OBWMA.

The performance of the OBWMA network was investigated in terms of throughput,
delay, and packet loss by means of simulation. The obtained results show that at low
traffic loads the end-to-end delay of the OBWMA network is dominated by the OBS
core network. This is due to the fact that the burst assembly takes more time at low
traffic loads. Conversely, at high traffic loads the WMN gets increasingly congested,
resulting in an increased end-to-end delay. Furthermore, it was shown that the above
described bandwidth allocation schemes help decrease the packet loss and increase the
per-flow throughput of the network.

17.5 Summary

A number of routing algorithms covering only the wireless front-end of FiWi access
networks have been studied with the goal of finding the optimal path by meeting one or
more objectives. Pro-active link state delay-aware routing algorithms were proposed to
minimize the average packet delay between any wireless mesh router and mesh gateway,
improve load balancing, and provide QoS differentiation between delay-sensitive and
delay-insensitive traffic. These new routing algorithms for the wireless mesh front-end
of FiWi access networks were shown to outperform conventional routing algorithms
such as minimum hop routing, shortest path routing, and predictive throughput rout-
ing in terms of delay, link congestion, and hop count. The delay-aware routing algo-
rithms can be extended to distribute the radio capacity of a single-radio wireless mesh
network node optimally among its outgoing links such that the average delay is min-
imized. To increase the capacity of the wireless front-end and better match it to the
optical backhaul, a second radio might be placed at selected wireless routers and gate-
ways. In multi-radio wireless mesh networks, channels must be carefully assigned such
that traffic loads are balanced among wireless channels in order to minimize contention.
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Risk-aware wireless routing algorithms can be developed to provide protection against
multiple wireless front-end and/or optical back-end network failures, resulting in a sig-
nificantly reduced packet loss in FiWi access networks.

A few integrated routing algorithms exist that combine some of the proposed wire-
less routing algorithms with the dynamic bandwidth allocation algorithms of a backhaul
EPON with the objective of minimizing the end-to-end delay in FiWi access networks.
In the design of integrated routing algorithms, it is key to take into account the fact that
optical wired links are more reliable than their wireless counterparts. Toward this end,
availability-aware routing algorithms were studied, which are able to achieve a higher
average path availability than shortest path routing, at the expense of an increased mean
number of hops. Another important criterion of integrated routing algorithms is their
ability to put low-load ONUs to sleep in order to save energy. This can be achieved
by designing energy-aware routing algorithms, which try to use already existent paths
while putting other FiWi network segments to sleep. It must be noted, however, that
energy-aware routing algorithms suffer from a fundamental trade-off between energy
saving and QoS support. While several techniques exist to provide end-to-end guaran-
teed QoS in FiWi access networks, it remains an open challenge to yield both energy
saving and QoS support in future green carrier-class FiWi broadband access networks.
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The world has become heavily dependent on oil through the widespread use of
combustion engines in gasoline cars, resulting in climate change, massive transfers
of wealth to oil-producing countries, and heightened geopolitical tensions. The advent
of commercially available electric vehicles (EVs) by the end of 2010 is expected to
be a game changer that will shake things up in a fundamental manner. Not only
can electricity be produced in a number of environmentally friendly ways, e.g.,
hydroelectric generators, wind farms, or solar arrays, but also the electric engine is
significantly more efficient than the combustion engine of traditional gasoline cars or
today’s gasoline–electric hybrids (Davis [2010]). A promising example of using EVs
for a sustainable electric mobility (e-mobility) in urban areas is the “e-mobility Berlin”
project, which deploys only green electricity from renewable sources to realize a user-
friendly public charging infrastructure for plug-in EVs (PEVs). The emission-free PEVs
may be shared following DAIMLER’s “car-to-go” idea and allow environmental zones
to be set up in cities, from which environmentally friendly PEVs with no emissions are
exempt (DAIMLER [2009]). Replacing gasoline vehicles with PEVs could reduce the
importation of oil by up to 52% in the United States. Despite their huge potential to
create new markets, revenues, and jobs, PEVs pose severe challenges to electric util-
ity companies. A PEV being charged at home in the evening may more than double
the average household electricity load and thereby dramatically exacerbates the load
profile imbalance of power grids between off- and on-peak hours (Ipakchi and Albuyeh
[2009]).

Today’s power networks have to increase their utilization and become more efficient
without depleting our ever declining natural resources to meet the increasing electric
energy demand of a rapidly growing global population from 6.1 billion in 2000 to
7.5 billion by 2020, leading to a staggering 75% increase in power consumption by
2020 (Garrity [2008]). Toward this end, the current power grid has to be transformed
into the so-called smart grid by incorporating sophisticated sensing, monitoring, infor-
mation, and communications technologies to provide better grid performance and sup-
port a wide range of additional services to consumers. Massively deployed sensors
will continuously collect data about end-user energy consumption, equipment condi-
tion, and operational status. The collected information will be disseminated through
a highly available and flexible two-way communication infrastructure, also known as
an advanced metering infrastructure (AMI), in order to predict the performance at any
point of the power grid and develop optimal control strategies (Santacana et al. [2010]).
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In this chapter, we first briefly review the vision of a smart grid and elaborate on
its anticipated benefits, paying particular attention to the key role of homes. We then
discuss short-term vs. long-term solutions to realize smart grid communications infras-
tructures and discuss the technological choices made to build a state-of-the-art smart
grid communications infrastructure with currently available technologies, including
lessons learned by pilot projects. We then identify a number of important requirements
that future smart grid communications infrastructures have to meet and explain why
fiber-wireless (FiWi) broadband access networks are more suitable to meet the afore-
mentioned requirements of future smart grid communications solutions than alterna-
tive broadband access networks. Finally, we introduce a promising FiWi smart grid
communications infrastructure, called the Über-FiWi network, and describe its archi-
tecture, implementation, and operation, and give a couple of highlighting results of its
performance.

18.1 Smart grid vision

According to (Davies [2010]), no consensus has been reached on what the term smart
grid exactly means. At present, there are too many technologies for the first/last mile
access and home area and it is unclear which of them will finally prevail as the smart
grid technologies of choice. The vision of the future smart grid is all about equipping
intelligent devices with communication interfaces and engaging customers to play an
interactive role in order to reduce power consumption and shift demand to minimize
peak loads, which is widely referred to as demand response. The smart grid is some-
times called the Energy Internet, since its impact on our lifestyle and way of consuming
and generating energy will be similar to how the Internet changed our way of commu-
nicating and sharing information (Davies [2010]).

The smart grid will be able to deliver not only energy but also information about every
aspect of electricity generation and consumption bidirectionally, i.e., in both directions
from and to each customer. The smart grid will be instrumental in addressing grow-
ing concerns about climate change and carbon gas emissions by exploiting renewable
energy sources and controlling power consumption more efficiently, whereby homes
will play a key role for the following reasons (Heile [2010]):

• Over 50% of the generated electricity is currently consumed in homes.
• PEVs will be charged mostly at homes after drivers return from work.
• Homes will be the location of the largest number of distributed power genera-

tion devices, e.g., wind turbines and solar panels, also known as distributed energy
resources (DERs).

Given the huge number of homes, smart grid solutions must be scalable and use
access technologies that meet a number of specific requirements, as discussed in greater
detail in the next section.



18.2 Smart grid communications infrastructure 209

18.2 Smart grid communications infrastructure

In this section, we first briefly review Xcel Energy’s approach to realizing its state-
of-the-art SmartGridCity project in Boulder, Colorado, and elaborate on the rationale
behind its technological choices. After discussing Xcel Energy’s lessons learned from
implementing a smart grid communications infrastructure with currently available tech-
nologies, we outline the requirements of emerging smart grid communications infras-
tructures and discuss a long-term solution that might evolve over the next couple of
decades.

18.2.1 SmartGridCity Project

SmartGridCity1 is one of the world’s most advanced pilot projects that allows Xcel
Energy to explore smart grid technologies and tools in a real-world setting. It went live
in summer 2009 and connects nearly 47 000 premises throughout the city of Boulder.

Upon inquiry, Xcel Energy informed us that it utilizes broadband over power line
(BPL) as the access technology of choice to connect to the individual premises and
deploys more than 200 miles of fiber optic cable to backhaul the collected data. During
the initial design of the system, Xcel Energy studied a number of alternatives to fiber,
including satellite, cable, digital subscriber line (DSL), and wireless access technolo-
gies. The most promising alternative seemed to be utilizing a portion of the fiber
backbone being installed by Qwest in Boulder as part of its ongoing DSL upgrade.
In a thorough analysis, Xcel Energy reviewed the topology, type of fiber, availability of
dark fiber, and location of fiber termination points of Qwest’s build-out plan against the
needs of the SmartGridCity project plan. The outcome of the analysis showed that the
fiber from Qwest would be suitable for the project. However, the fiber termination points
were not in close enough proximity to the project’s injection points and the timing of
the Qwest build-out was not sufficiently aligned to allow the SmartGridCity and Qwest
systems to leverage on the same fiber backhaul. The other solutions considered in Xcel
Energy’s analysis were found to be unable to deal with underground or transformers and
suffer from a number of different shortcomings. Specifically, satellite communications
systems inherently exhibit high latency, wireless solutions have potential security and
coverage issues and suffer from a lack of cards for existing meter types, while DSL falls
short of providing complete coverage and ruggedized service offerings.

The SmartGridCity project provides invaluable insights into the opportunities and
challenges of early smart grid deployments. Some of the lessons learned are of practi-
cal importance not only to Xcel Energy but also other electricity utilities intending to
embark on smart grids. It is important to note, however, that in other parts of the United
States and other regions of the world utilities might encounter different circumstances
that shape their decision making process on which broadband access technologies to use

1 Visit http://smartgridcity.xcelenergy.com for additional information about Xcel Energy’s SmartGridCity
project.
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apart from BPL with its notorious difficulties (to be discussed in more detail shortly).
Unlike Xcel Energy, other power companies might have a more flexible implementation
schedule and prefer an evolutionary migration path for transforming their legacy power
grid into the smart grid gradually over the next years or even decades by seizing new and
future-proof technological opportunities and leveraging on a shared broadband access
and smart grid communications infrastructure.

18.2.2 Requirements

Any viable smart grid communications solution must meet a number of important
requirements. Beside scalability and coverage, possible smart grid communications
infrastructures must provide security and easy maintenance given the fact that many
of the existent utilities favor running their own network in order to achieve these two
design objectives for backhaul communications (Heile [2010]). High-voltage substa-
tions in today’s power grid measure large amounts of data, whereby the most fine-
grained current and voltage measurements are sampled over 100 times a second (Bose
[2010]). High-speed fiber links are well suited to carrying the voluminous amount of
data gathered at a substation and transmit it to the smart grid control center across
urban and regional areas. In addition, the supporting communications infrastructure
must provide exceptionally tight latency characteristics and allow for real-time mea-
surements with a maximum latency of 100 ms. While optical fiber is the preferred
medium of choice in urban power distribution systems, WiMAX with its low latency
performance may be used in less populated rural areas and locations, where fiber is
not available or is available to some but not all points in the power distribution sys-
tem. WiMAX supports quality-of-service (QoS) differentiation, which can be used to
give control and protection traffic priority over other smart grid traffic types in order
to render the power grid more survivable against failures that might lead to degraded
service (brownout) or disrupted service (blackout) (Sood et al. [2009]). Despite the
great debate whether WiMAX would become the dominant wireless broadband access
technology and the fact that carriers are now going to bet on long term evolution
(LTE) instead, WiMAX is expected to play a major role in new smart grid applica-
tions (Anderson [2010]). It is important to note, however, that the communications
equipment must be much more robust in a smart grid than in carrier networks due to
the fact that electricity substations and distribution grids are a much harsher environ-
ment than the telecom world (Davies [2010]). To cope with a variety of electromagnetic
phenomena, WiMAX may be replaced with optical fiber networks, whose immunity
against electromagnetic interference (EMI) makes them a superior choice. Similarly,
wireless sensor networks (WSNs) have been widely recognized as a vital component
of the smart grid to enable low-cost monitoring and control in order to maintain the
safety, reliability, efficiency, and uptime of the smart grid. However, the harsh and
complex electric power system environment poses great challenges to the reliability of
WSN communications in smart grid applications (Gungor et al. [2010]). Furthermore,
long-term smart grid communications solutions have to offer low capital and opera-
tional expenditures (CAPEX/OPEX), simple operation, administration, maintenance,



18.3 Über-FiWi network 211

and provisioning (OAM&P), longevity, future-proofness, as well as sustainability by
means of a reduced CO2 footprint and power consumption related to operation and heat
dissipation.

FiWi networks hold great promise to help replace commuting with teleworking,
which, taking the United States as an example, could lead to dramatic savings of
136 billion vehicle travel miles annually by 2020 and 171 billion miles by 2030 (Ruth
[2009]). Previous work on FiWi networks focused only on the reduction of their own
energy consumption and greenhouse gas emissions. It is only very recently that research
has begun to study the role of access networks and adopt them also in other relevant
sectors to enhance the efficiency of energy use, resulting in a dramatically improved
overall CO2 reduction across multiple sectors such as communications, energy, and
transport (Somemura [2010]). Toward this end, in the next section we explore the oppor-
tunities of enhancing our SuperMAN network, described in Section 11.2.2, with fiber
optical and wireless sensors and exploiting its unique characteristics to convert the tradi-
tional electric power grid, the largest man-created CO2 emission source, into the future
smart grid and to coordinate the interplay between PEVs and DERs at homes.

18.3 Über-FiWi network

In this section, we describe the architecture of the Über-FiWi network and discuss dif-
ferent implementation options that leverage on the benefits arising from the utilities’
right-of-way and possible infrastructure sharing. We then explain the operation of the
Über-FiWi network and evaluate its performance by means of simulation.

18.3.1 Architecture

Figure 18.1 depicts the architecture of the Über-FiWi network. A bidirectional fiber
ring network is used to interconnect the distribution management system (DMS)
with one or more WiMAX base stations (BSs) and optical line terminals (OLTs),
whereby each OLT acts as the control unit of a separate attached Ethernet pas-
sive optical network (EPON). For survivability, the DMS, BSs, and OLTs might be
interconnected via an additional fiber star subnetwork using dark fibers, which are
readily available in metropolitan areas. The optical star subnetwork may deploy wave-
length division multiplexing (WDM) to increase its capacity. The hub of the star
subnetwork consists of a wavelength-broadcasting passive star coupler (PSC) and/or
a wavelength-routing athermal arrayed-waveguide grating (AWG), depending on given
capacity requirements and cost constraints. Both PSC and AWG are completely pas-
sive (i.e., unpowered) components, thus adding to the reliability, maintenance, and
cost benefits of the proposed network architecture. The links of the star subnetwork
can be used as back-up links in the event of link and/or node failures on the periph-
eral fiber ring. Alternatively, it can be used under normal (i.e., failure-free) operation
to increase the capacity of the network and, more importantly, to provide short-cut
links and thus help decrease the latency between subscribers and DMS. All links of
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Figure 18.1 Über-FiWi network architecture.

the optical ring-star network architecture deploy simple and low-cost 1 Gb/s Ethernet
technology.

Subscribers connect to the ring-star network either via EPON or WiMAX. The
choice between these two broadband access technologies depends on the availability
of fiber and a number of techno-economic factors. Recall from Chapter 13 that in terms
of power consumption EPON is superior to WiMAX for different numbers of sub-
scribers, terrain types, and mean access data rates. In terms of operational expenditures
(OPEX), EPON is the preferred solution for deployment scenarios, where network
failures are less likely. Taking both OPEX and capital expenditures (CAPEX) into
account, WiMAX is more cost-efficient than EPON, especially in suburban and rural
areas with a small population density. For densely populated settings, EPON repre-
sents a viable alternative solution that is able to be upgraded to higher data rates or
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multi-channel operation (WDM) without requiring any modifications of the installed
fiber infrastructure.

As shown in Fig. 18.1, a subset of subscribers connect to the WiMAX BS via
subscriber stations (SSs) wherever fiber is not yet available or economically prohibitive,
e.g., rural areas. On the other hand, in densely populated or fiber-rich settings, sub-
scribers connect to the EPON OLT via optical network units (ONUs). It is impor-
tant to note that there is no need to connect each subscriber with a dedicated ONU.
Instead, an ONU installed at a given subscriber’s premises might be shared by other
nearby subscribers through a WLAN-based mesh neighborhood area network (NAN),
thereby significantly reducing the amount of required fiber infrastructure. The wireless
mesh NAN consists of the following three types of network node: (i) mesh portal point
(MPP), which is co-located at the ONU and acts as the interface to the NAN; (i i) mesh
access points (MAPs), which provide subscribers with access to the NAN; and (i i i)
mesh points (MPs), which are the intermediate NAN nodes that relay packets between
the MPP and MAPs. The NAN is based on high-throughput IEEE 802.11n WLAN tech-
nology with mesh support, as specified in IEEE standard 802.11s. Note that the NAN
can also be used as a back-up network to re-route traffic between ONUs in case one
ONU is disconnected from the OLT due to a fiber cut, leading to an improved EPON
survivability.

To monitor the status of power distribution network components such as break-
ers, switches, voltage regulators, and transformers, we place fiber optic sensors, e.g.,
fiber Bragg grating (FBG) based temperature and voltage sensors, at the corresponding
locations throughout the optical fiber infrastructure and wireless sensors, e.g., electric
current and power sensors, in the WiMAX and NAN networks, as depicted in Fig. 18.1.
The fiber optic sensors remotely communicate with interrogators located at the DMS
using dedicated wavelength channels, while the electric sensors deploy the communi-
cations protocol defined in IEEE 802.15.4 ZigBee. In doing so, we transform our FiWi
access network into a hybrid FiWi access-sensor network. Inside homes, we may deploy
wireless sensors for enabling smart power metering and various home automation
applications.

18.3.2 Implementation

Different approaches can be applied to implement the above described Über-FiWi
network, depending on the preferred business model. A conservative business model
might follow the traditional concept of vertical integration, whereby the network owner,
network operator, and service provider are the same entity. Vertical integration has
been the model applied by the vast majority of incumbents for decades. By applying
this model, a utility could exploit its right-of-way and would leverage on the security
and maintenance benefits of a private network, but would face significant investments
to provide full coverage in its service area. According to (Breuer et al. [2011]), the
future access network infrastructure business will be more divided in terms of owner-
ship and operation, capitalizing on trust relationships between new alternative operators
and incumbents. A promising approach to provide full coverage at reasonable costs is to
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jointly implement and share a common network infrastructure for both smart grid com-
munications and broadband access, as discussed above in Section 18.2.1 for the case of
Xcel Energy and Qwest. In such a business model, utilities, new (or incumbent) network
operators, and service providers would team up and mutually benefit from each other by
sharing costs related to the implementation and operation, administration, maintenance,
and provisioning (OAM&P) of the Über-FiWi network. A business model that promotes
the highest degree of competition and building an infrastructure for the society at large
would be the so-called open access network (OAN) business model, where the roles of
network owners, network operators, and service providers are separated (Forzati et al.
[2010]). An OAN may be open at different levels, ranging from the infrastructure level
to the service level. For instance, the infrastructure of the Über-FiWi network may be
installed and owned by one or more power utilities,2 run by a new or incumbent net-
work operator, and may support a variety of service providers from different sectors,
e.g., e-health, whereby the service providers are responsible for interacting with cus-
tomers and addressing issues related to billing, authentication, authorization, privacy,
and security (Battiti et al. [2005]).

18.3.3 Operation

The optical and wireless technologies in the Über-FiWi network offer some inherent
mechanisms for QoS support and service differentiation. Specifically, IEEE 802.16
specifies five scheduling services for WiMAX, whereby the so-called unsolicited grant
service (UGS) provides absolute QoS for periodic high-priority traffic. UGS is also
well suited to carrying periodic measurements of wireless sensors across WiMAX
networks. In the wireless mesh NAN, enhanced distributed channel access (EDCA),
specified in IEEE 802.11e, and mesh deterministic access (MDA), specified in IEEE
802.11s, can be applied to provide relative and absolute QoS, respectively. Among oth-
ers, MDA may be used to transfer periodic traffic originating from wireless sensors
across the NAN.

The above described Über-FiWi network and access control protocols are used
not only to provide end-users with triple-play services but also to enable subscribers
residing in different homes to exchange information about their power usage. In doing
so, power consumption across neighboring houses can be coordinated to reduce the
peak demand by means of inter-home scheduling algorithms. It was recently shown
in (Kishore and Snyder [2010]) that if each individual home optimizes its power con-
sumption by taking advantage of off-peak prices independently from other homes
(i.e., intra-home scheduling), the problem of demand peaks is not alleviated, but rather
exaggerated, leading to a new “rebound” peak right after the peak hours. This “rebound”
peak may be larger than the original peak, thereby negating some of the benefits of
off-peak pricing models. The authors proposed a distributed inter-home scheduling
algorithm among neighboring homes, which controls the usage of appliances across

2 For instance, openaxs (http://www.openaxs.ch) is a consortium of Swiss power utilities that develops fiber-
to-the-home (FTTH)-based OANs.
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multiple homes and helps utilities effectively reduce the peakiness of their demand
load. However, no specific inter-home communications infrastructure or access control
protocol were presented in (Kishore and Snyder [2010]). Furthermore, the Über-FiWi
network enables subscribers to exchange information about the presence and status
of DERs and PEVs at selected homes within the same neighborhood, as shown in
Fig. 18.1. DERs may be connected to the power grid according to the requirements
specified in IEEE 1547. The information exchanged among subscribers through the
Über-FiWi network also takes into account the existence of additional electric power
lines between neighboring homes, if any, which were proposed in (Yoneda [2010]) to
realize low-carbon power infrastructures. These power lines would allow power to be
directly transferred between DERs and PEVs located at different homes, whereby PEVs
might be also used as distributed energy storages. More interestingly, these power lines
would also allow the complementary nature of intermittent renewable energy sources to
be capitalized on, e.g., wind turbines and solar panels, and delay-tolerant PEVs, whose
battery charging can be flexibly scheduled between evening and morning, as investi-
gated in more detail in the following.

18.3.4 Performance

The province of Ontario, Canada, has been actively pursuing the deployment of
smart meters and electricity time-of-use pricing with different off-peak, mid-peak, and
on-peak prices for weekdays for summer and winter, as shown in Fig. 18.2.

In the following, we investigate the total power consumption and cost for 50 homes,
each running a dishwasher, clothes dryer, and water heater assuming the appliance
parameters of Table I in (Kishore and Snyder [2010]). In our simulations, 32 homes
deploy their own ONU to connect to the OLT while the remaining 18 homes uniformly
access the ONUs via the wireless mesh NAN. Figure 18.3 depicts the total power con-
sumption for a summer weekday with and without intra-home scheduling as well as
with inter-home scheduling among the 50 homes. The total power consumption varies
with the time of day without any major demand peaks following the random appli-
ance requests. In contrast, with intra-home scheduling, appliances in each separate

Figure 18.2 Ontario electricity time-of-use price periods. c©2010 Ontario Energy Board.
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Figure 18.3 Total power consumption (in kW) with and without intra-home and inter-home
scheduling.

home might be delayed by up to 60 minutes in order to benefit from mid-peak or
off-peak prices. We observe from Fig. 18.3 that such a cost-saving behavior leads to
severe power demand peaks at 5 p.m. (transition from on-peak to mid-peak price)
and 9 p.m. (transition from mid-peak to off-peak price). To alleviate this problem,
we deploy a centralized inter-home scheduling algorithm at the OLT that limits the
maximum total power consumption while meeting the delay tolerance of appliances.
Specifically, the OLT collects the appliance requests from all homes via the Über-
FiWi network and then schedules the requests in a first-come-first-served manner
such that no appliance is delayed by more than 60 minutes. In doing so, the power
demand peaks can be easily upper limited according to given utility preferences without
increasing the delay significantly, as shown in Fig. 18.3. The total cost of consum-
ing power with and without intra-home and inter-home scheduling is illustrated in
Fig. 18.4. The figures clearly shows that the cost increases and decreases according
to the different time-of-use price periods. For instance, the cost is highest between
11 a.m. and 5 p.m. due to the on-peak prices during this time period (see Fig. 18.2).
Note, however, that the peaks for intra-home and inter-home scheduling in Fig. 18.4
are less pronounced than in Fig. 18.3. This indicates that even though the same
amount of power is consumed with and without intra-home and inter-home schedul-
ing, cost savings can be achieved by shifting delay-tolerant appliances to mid-peak
and off-peak price periods while keeping the demand peaks under a certain upper
limit.
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18.4 Summary

Apart from reducing their own energy consumption and greenhouse gas emissions, FiWi
access networks may also be adopted in economic sectors other than communications
such as energy and transportation in order to enhance the efficiency of energy use and
achieve an increased overall CO2 reduction across different sectors. In this chapter, we
explored the opportunities of deploying FiWi broadband access networks enhanced with
fiber optic and wireless sensors to realize a smart grid communications infrastructure
that effectively helps reduce the demand peakiness of today’s power grid by means
of centralized inter-home scheduling for electricity time-of-use pricing, which is an
important ingredient of the future smart grid.
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