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Abstract
The design of high-density wireless networks is a challenge due to the compromise
among several design factors. Thus, this study has two major purposes:
(1) To provide guidelines for performing high-density wireless deployments in a costeffective way and by using innovative technologies
(2) To apply the guidelines provided in a real scenario. In addition, the project will
contribute to obtain an in depth understanding on network designing and business
models related to wireless deployments.
For fulfilling the first purpose, we will present different innovative backbone and
wireless technologies that can be used in several types of high-density environment
deployments. Then, we will propose network design blueprint to fulfill typical network
requirements of this kind of networks.
In the second part of the project we will present a use case in order to apply the
presented technologies and methods for a cost-effective high-density wireless
deployment. The use case consists in designing a wireless network for the RCDE
“Power8” stadium, which will allow us to analyze the challenges that we can face
during a deployment of such magnitude on an already built infrastructure.

Francesc Wilhelmi Roca 5
Design of Cost-Effective Wireless Networks in High-Density Enclosures

Francesc Wilhelmi Roca 6
Design of Cost-Effective Wireless Networks in High-Density Enclosures

Preface
Wireless networks have evolved impressively since its first stages, and nowadays they
are widely spread in most of our connectivity applications. Actually, them are almost
present everywhere in the final interconnection stage to the end device. The main
improvements of these networks are focused on throughput, performance per user,
dynamic bandwidth allocation, transmission robustness and security. All these
requirements are very important to be designed in the correct way in order to allocate a
large number of users.
“Design of a Cost-Effective High-Density Wireless Network” is intended to provide a
useful guide about the features and techniques that must be used when designing a highdensity wireless network. The main work that is going to be carried out in this study is
to perform the design of a high-density wireless network in a real scenario, so that all
the specifications are met at the lowest possible cost. To do that, we are presenting an
implementation of many new and innovative technologies in order to design a modern
network that can serve as a reference for the near future in similar deployments.
In addition, this document embraces all the work performed for achieving the objectives
of my Telematics Engineering thesis.
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1. Introduction
This project is intended to be a tool for learning and obtaining a good level of
knowledge about networks’ deployment (theoretical basis, tools and equipment,
capacity design, business strategy…), networks’ maintenance (services monitoring,
best-practices implementation...) and software design (concepts, tools, user centered
design...).
In terms of scope, the main purpose of this project is to learn the challenges that a
massive network deployment supposes, by taking into account that technologies are
evolving quickly, which means that we must think about different and innovative
solutions for fulfilling the increasing broadband demands. In parallel, the project will
also serve for providing the basis for designing a wireless network on a high-density
environment, depending on its characteristics. The designed network has to meet some
performance requirements while minimizing costs, which is a typical challenge for
engineers and I believe it is very important for many daily situations of the real world.
After studying the features and the typical challenges on a high-density network
deployment, it is going to implement the knowledge acquired by providing the example
of the design of a network in a real scenario. With this, we will be able to see how to
face the most challenging issues during the high-density network deployment by using
useful examples.
In addition to the proposed work, it is expected to acquire some project management
knowledge by performing this thesis from a “projectized” point of view (we are going
to use the PMBoK methodology).

1.1 Goals and objectives
The main goal of this project is to obtain a good level of knowledge about designing
high-density wireless networks by making efficient use of resources, at the lowest
possible cost. To achieve that we must accomplish the following objectives:
 To understand what a high-density network means and what technologies are
available
 To identify many business areas for deploying high-density wireless networks
 To identify a use case in order to provide specific guidelines for high-density
wireless deployments
 To study similar cases of networks’ deployments
 To identify the main stakeholders for the network deployment and to define a
first approach about what do they need
 To perform a viability study of the project
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 To perform a capacity design of the scenario
 To design a wireless deployment, as well as to define which equipment must be
used whilst minimizing costs
 To design a maintenance plan, as well as choosing the tools that better suit the
situation
 To perform a lessons learned at the end of the project for identifying the main
weaknesses/strengths of the performed work
Additionally, other objectives must be accomplished for a proper development of the
project:
 To find an expert that can mentorship the project by providing his expert
judgment and by conducting myself to achieve the technical objectives
 To schedule the project for meeting the critical deadlines
 To perform periodic meetings with the tutor for ensuring the properly progress
of the project
 To perform a risk qualitative studio
 To align the stakeholders interests towards the project

1.2 Motivation: a huge market opportunity
The ICT market is one of the most powerful in the world markets, so with an annual
turnover of about 3500 billion dollars per year, from which more than the 30%
corresponds to networks deployment and management [1]. In addition, it is expected to
grow up to 4000 billion dollars by year 2017. In order to focus on the wireless
communications market, here we show two very illuminating sentences that emphasize
on the issue’s magnitude:
“Traffic from wireless and mobile devices will exceed traffic from wired
devices by 2018. By 2018, wired devices will account for 39 percent of IP
traffic, while Wi-Fi and mobile devices will account for 61 percent of IP traffic.
In 2013, wired devices accounted for the majority of IP traffic at 56 percent”.
“Over half of all IP traffic will originate with non-PC devices by 2018. In
2013, only 33 percent of total IP traffic originated with non-PC devices, but by
2018 the non-PC share of total IP traffic will grow to 57 percent. PC-originated
traffic will grow at a CAGR of 10 percent, while TVs, tablets, smartphones, and
machine-to-machine (M2M) modules will have traffic growth rates of 35
percent, 74 percent, 64 percent, and 84 percent, respectively.”
These fragments of the Cisco’s VNI Global IP traffic forecast report [2] explain that
wireless communications are the main tool of communications industry's present and
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future. In this paper, it is also explained that non-PC devices are going to experiment an
exponentially increase of its use on the following years since now. With this
information we can conclude that wireless technologies suppose an enormous market
to the global economy, which is going to grow in the coming years in a very significant
way, and which seems to have no limits.
In order to provide more evidences about the importance of this sector, we are showing
the top countries smartphone penetration graph (see Figure 1), in which Spain is
allocated on the 15th position with a 55.4% penetration.

Figure 1 Top countries smartphone penetration [3]

We saw that mobile devices are experiencing an amazing increase of its use globally,
but we are going to put more emphasis on Spain’s situation in order to know more about
the situation of our country’s market. In the following image (Figure 2) we are
providing some data about the type of device that users in Spain use to access the
Internet. Note that the 74.3% of the total users of Internet in Spain use a mobile device
to do that, which is much higher than the typical Internet accesses done by PCs (68.4%
and 68.6%). In addition, the smartphone’s usage has increased about a 20% in just one
year (from 2012 to 2013), which supposes a very significant amount [4].
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Figure 2 Technologies penetration in Spain

If we dig a little more on the data related to Internet accesses, we must analyze the data
shown on the following image, which shows the typical places from where the users
access the Internet through a mobile device in Spain:

Figure 3 Mobile Internet Access Locations in Spain (2013)

As we can see, most of the Internet accesses are performed on places that use to have
WLANs. It is typical to connect our mobile device to a free and reliable WLAN by
using Wi-Fi. So, what we need to revolutionize the mobile communications world is to
deploy wireless networks in many places in order to take benefit of the new
technologies. Thus, an uncountable number of applications could be used in many
different places (supermarket, cinema, enterprise, etc.) for revolutionizing the world as
we know it.
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All this data really makes us notice that there is a boom on the wireless technologies
and, the fact that they are not exploited at all1, places us in an ideal situation in terms of
market scope. In order to be more specific, this project intends to focus on high-density
wireless deployments, such that we can meet the user requirements on specific scenarios
to people use to attend massively. For that, in the following section we are going to see
many use cases that could be interesting for performing this type of deployments.

1.3 New Internet-based business ideas
As seen before, the wireless communications market is very depth, with many technologies2 that provide
specific solutions to an uncountable number of needs. The needs that we consider are those that can be
satisfied by using IEEE 802.11 technologies and here we will show some examples, which are oriented to
massive environments and which must support many simultaneous connections by guaranteeing some
quality minimums and also offering security:











1

Large capacity stadiums: typically related with sports (football, baseball,
basketball, etc.), large capacity stadiums need to provide Internet connectivity to
users/spectators more and more for offering many services and, thus, exploiting
different business ideas (selling in-site merchandising or food, show related
information to the event, announcements, etc.).
LAN Parties: LAN Parties consist in massive gamer meetings that last from 2
to 3 days without stopping playing online videogames. So, the purpose is to
provide massive Internet connectivity to a “LAN Party” without using many
cables [5]. Many applications can be delivered, such that advertisements,
providing relevant information about events, etc.
Touristic resorts: the aim is to provide Internet connectivity to variable and
non-variable tourist environments (e.g. hotels, camping, cruise ships…) in order
to provide services like check in/out, information displaying, advertisements,
etc.
Interactive museums: in this case we can find some situations where a museum
can become interactive by providing connectivity to their clients in order to
enrich the experience of them during their visits.
Interactive shopping: as in museums case, the clients of a shop can interact
with the products they can buy (consulting prices and stock, electronic payment,
etc.). For example, a clothing store may offer a service in which clients can

There are a lot of wireless technologies that are still in development, especially M2M technologies (e.g.
IEEE 802.11ah), which makes this an ideal field for investigation.
2
The most important wireless technologies suit to specific situations: IEEE 802.11 (WiFi, which includes
.11a, .11g, .11ah, .11ac, etc.), IEEE 802.16 (WiMax), IEEE 802.15.1 (Bluetooth), IEEE 802.15.4
(ZigBee), GSM, UMTS, GPRS, LTE and other many telephony standards.
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simulate to wear some clothes such that they can view prices, sizes, etc. in their
mobile phone.
New user-involvement spectacles: here we are referring to these new ways to
perform a spectacle (such that theatre or dance) in which technologies are
applied on them for providing useful information in real time, request for
decisions/opinions to the audience, etc. In summary, connectivity between users
and the spectacle must be provided.

1.4 Structure of the document
In order to develop this study, once presented the motivation and justification of the
problem that we are going to solve, the following sections are divided as follows:





Section 2 will describe the state of the art of backbone technologies for mobile
backhaul. At present, in order to cope with traffic requirements of RBS and
WLAN AP, optical technologies are almost a must. Therefore, we will describe
point to point and PON access technologies. Also, security and access control
implementations will be described in this section.
Section 3 will describe present wireless technologies. We will concentrate on
Wi-Fi standards and also introduce U-LTE technologies.
Section 4 will implement a use case of the design of high-density wireless
networks in a Soccer Stadium, and more precisely, in the RCDE Power8
Stadium. Here we will present the design of the complete solution, including not
just the transmission devices, but also the edge devices.

Finally, the study will present the conclusions in section 5.
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2. Backbone technologies
High-density networks require that large amounts of incoming and outgoing data are
transported in order to fulfill the new user requirements, which are increasing from day
to day. For that, we need to study and select which backbone technologies can be used
for providing high data rates to a local network of such characteristics. So, in this
section we are going to see why is important to endow high-density networks with a
great capacity and which innovative technologies are available and are going to be
widely used for fulfilling this purpose.

2.1 Network application requirements
The business ideas based on VHT WLANs that are shown on section 1.3 New Internetbased business ideas are supported by many network-oriented applications, which are
defined by different QoS metrics, depending on its type. The type of a network
application can be classified by its importance and its criticality, i.e. there are
applications that need to deliver information faster than others, while others need to
deliver information in a very reliable way. So, a first classification of applications
depending on the delay is showed below:






Non-real time: these applications are mostly used with best effort protocols,
i.e. they are not served under any specific QoS rule, but they generally need to
be reliable in terms of errors, i.e. errors are not tolerated. In case of packet loss,
retransmissions are mandatory, even if the protocol on a lower level of the stack
is “best effort”. Some non-real time applications are FTP, HTTP, Email (SMTP,
POP3…), Telnet, etc.
Non-strict Real time: these applications need to offer some QoS guarantees,
but there is some margin by the possibility of applying buffering techniques.
Some non-strict real time applications are video and audio on demand,
interactive video and audio broadcasting, file streaming, etc.
Strict Real time: these applications need to offer strict QoS guarantees because
they are critical in term of delay. We usually find in-time human interaction or
critical services (e.g., medicine field) in this type of applications. Some strict
real time applications are VoIP, videoconference, live streaming, etc.

Before classifying the different type of applications, here we show how delay affects to
human perception in an end-to-end communication:
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Delay (ms)
50
100
250
600
>600

Human perception
Cannot distinguish between audio and real speech
Imperceptible difference between audio and real speech
Speech is comprehensible but
Speech is barely coherent
Speech is unintelligible and incoherent

Table 1 Human perception of delay in an end-to-end communication [6]

Another important parameter that will determine the throughput that each application
requires is packet loss, because there are many applications that do not tolerate any loss
of packets, while many others can support some losses. In general, real time
applications allow losing some packets, but this is not accomplished for non-real time
applications. We must take into account that packet loss data provided in this document
is based on human experiences, and that not all the applications support the same error
rate. For instance, an application based on videoconferences should enjoy an error rate
of less than 10-4, while the error rate in an HDTV application should be less than 10-6
[7].
So, the table below shows the requirements that each application of interest needs to
meet for offering an acceptable quality, but we must first realize that audio is more
important than video in those applications that mix this two types of data, so video
quality will always be harmed by the audio when needed.
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Traffic class
Web
browsing
Email
Relay Chat
Audio
broadcasting
Video
broadcasting
(MPEG-4)
AoD
(MPEG-2)
VoD
(HDTV)
Audio
conferencing
(G.711)
Interactive
Gaming
VoIP (GSM)

Type of
Response
application
time (s)
Non real
time
Non real
time
Non real
time
Non-strict
Real time
Non-strict
Real time
Non-strict
Real time
Non-strict
Real time
Strict Real
time
Strict Real
time
Strict Real
time

Delay
(ms)

QoS Metrics
Required
bandwidth
(bps)

Loss
rate
(%)

Error
rate (%)

2-5

< 400

< 30.5 K

0

0

2-5

Low

< 10 K

0

0

1

< 200

<1K

0

0

2-5

< 150

60 - 80 K

< 0.1

< 0.1

2-5

< 150

28.8 - 500
K

< 10-3

< 10-3

2-5

< 150

384 K

< 0.01

< 0.01

2-5

< 100

19.2 - 24 M

< 10-5

< 10-5

< 0.02

< 150

80 K

<1

<1

< 0.02

< 10

> 100 M

< 0.01

< 0.01

< 0.15

< 100

17 K

<1

<1

Table 2 QoS metrics for each network application [8]

2.2 Optical fiber
In order to be able to transport all the data generated by the applications previously
seen, we need to implement a powerful backbone technology that provides consistency
to the network. For the high-density networks in which we are focusing, the most
common and useful technology is optical fiber, which offers several benefits:




Bandwidth: optical fiber allows transmitting great amounts of data due to its
available bandwidth. Anecdotally we can say that a Danish research group
achieved sending 43 Tbps over a single fiber by using a single laser [9]. This
fact makes us realize how powerful optical fiber is.
Distance: optical fiber allows transmitting data over long distances without
using repeaters, as well as attenuation does not critically affect to signal
propagation. Typically, it can suffer an attenuation of 0.2 dB per km, which may
allow transmitting data up to 80 km.
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Electromagnetic interference: optical fiber is immune to EMI (electromagnetic
interference), which prevents the most common problems that occur on
electrical networks (noise, coupling, cross talk, etc.)
Installation: optical fiber is usually very small, lightweight and flexible, which
easies a lot its installation, as well as we can install it along almost every path
we want. Thus, it also allows being used for temporary events, such as LAN
parties. Note that the most difficult and costly aspect of deploying optical fiber
is related with pipelines (underground connections in cities, undersea
connections, etc.).
Cost: as optical fiber is made by cheap materials and nowadays its
manufacturing process has evolved until achieving really competitive processes,
it has become much cheaper than other types of wires used in data transmission
(e.g. coaxial cables).
Safety: another relevant issue is that optical fiber is safer than electrical
networks because it cannot produce sparks that may cause a fire. If an optical
fiber breaks or contacts with any conductor (water, metal, etc.) there is no
danger.

2.3 Network Architectures
It is important to know how data is being transported between the different devices that
compose a network. In this section we will talk about some network architectures that
we think they can perfectly suit our requirements. On the first place we are going to
introduce what point-to-point and point-to-multipoint mean and how can be applied
to provide a smart solution for the backbone of our network. Finally, we will elaborate
the concept of point-to-multipoint more precisely by talking about
PON technologies, which will serve us for designing a significant
part of the target network.
The first network topology we want to learn about it is Point-toPoint, in which there is at least one dedicated channel between two
connected nodes. The following picture shows the connection
between a router and three users, such that each one enjoys a
dedicated channel or cable for the data transmission. The only
requirement for having a point-to-point structure is the need of
allocating a single dedicated channel for each end-to-end
connection.

Figure 4 Point-to-Point
topology

Another possibility is to share information by using a point-to-multipoint topologies,
which means that a single point is sharing information to several devices throughout the
same channel, i.e., we have an architecture in which all end-devices connect to a single
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node throughout the same channel. This channel sharing reduces point-to-point physical
infrastructure requirements, and also allows an easier deployment due to a lower
footprint. Optical P2MP technologies are also known as PONs (Passive Optical
Networks).
Thus, it is a tendency at present to use optical P2MP technologies not just in access
networks, but also for in-building deployments (Passive LANs) in order to reduce
deployment costs and optimizing network operation.

2.3.1 Passive Optical Networks (PONs)
As we saw at the beginning of this section is that VHT WLANs must provide high data
rates to several users on relatively small environments. Thus, a greater amount of data
needs to be transported by the backbone, which requires a wired broadband technology.
The most common and effective solutions for the backbone are based on optical fiber,
which is a very powerful tool for data transportation, as well as it easily allows
transmitting data rates of 10 Gbps (this is the most common maximum data rate for
single mode fiber). The main drawbacks of optical fiber are at present its higher cost
compared to copper-based technologies. However, economies of scale are helping to
dramatically reduce prices.
As said before, one of the most effective point-to-multipoint solutions based on optical
fiber are Passive Optical Networks (PONs). A PON is a network topology that applies
optical fiber technologies into the point-to-multipoint concept. It is called “Passive”
because it does not include any active element for the data transmission, which is
achieved by using optical splitters that share the light beam into different paths. The
main elements that compose a PON are:
OLT (Optical Line Termination)
This is an active element that acts as service provider, i.e. it exchanges information
between the devices connected to it and the other side of the network. For example, it
may connect many devices into the Internet. An OLT has two main functionalities: the
first one is to perform electrical-optical conversion in order to exchange information
between its PON trees and the other side of the network. Additionally, it has to
coordinate the data exchange process between the two sides of the network. As we will
see on the section 2.3.2 GPON Standard, an OLT can coordinate a maximum amount of
devices per tree. As most powerful the OLT is, the more number of PON trees it can
support.
ONT (Optical Network Terminal)
This is an active element that acts as user, and which is responsible to receive and
transmit the optical signal whenever it is necessary. So the main functionality of an
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ONT is to perform optical-electrical conversion on the client side.
Optical splitters
These are passive elements that allow point-to-multipoint topology by distributing the
same incoming signal into different paths. As we are going to see later, optical splitting
is limited due to performance and power loss issues.
Once we have seen the main elements that compose a PON, here we show an example
to illustrate how it works. In the following image we can observe a system in which an
OLT transmits information to several ONTs by using an optical network. As we can
see, all the information belonging to a branch of users is transmitted to all the stations of
that group, but each ONU retrieves the packets belonging to it. For instance, ONT “A”
receives packets from “A”, “B” and video broadcasting, but it is just interested in
receiving its own information.

Figure 5 PON example [10]

As we have seen, Passive Optical Networks allow us building high-speed networks that
require much less infrastructure than any other point-to-point structure. The main
drawback is that they cannot be used for large distances, as that is why they are
typically used for access networks.
In order to transmit on PONs, two standards are used: IEEE802.3ah and ITU-T G984.
The first one, developed by the IEEE and also known as EPON, provides 1Gbps
symmetric capacity, and transmits Ethernet frames directly on the optical infrastructure.
On the other hand, the second one has been developed by the ITU and provides
2.5Gbps/1.25Gbps bandwidth, offering higher QoS capabilities. At present, most of the
projects in Europe are being developed using GPON, due to its similar cost compared to
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EPON but higher transmission capabilities. Thus, we propose GPON as the standard to
be used as backhaul technology.

2.3.2 GPON Standard
GPON is the standard for Passive Optical Networks that is included in the ITU-T
Recommendation G.984, which includes several mechanisms for the implementation of
a PON. Here we are not introducing the way that mechanisms work (how channel
sharing, application of security, etc. are performed), but we are taking a glimpse on the
main advantages it can provide to us. In order to summarize them, we provide a table
below:
Feature
Downstream/Upstream
rates
Maximum Splitting
factor
Efficiency
GEM for
encapsulation
Optical budget
Frequency band
(expressed in
wavelength)
Multiclass services
Implementation of
AES for downstream
security
Standard for PON
ports protection

FEC implemented

Detail
2.54 Gb/s downstream and 1.5 Gb/s upstream
1:64 (1:128 in development), which means that for any
outgoing fiber we can connect 64 ONTs
~93% of its usable bandwidth
Connection-oriented scheme that allows fragmentation
From 29 to 31 dB
1480-1560nm downstream and 1260-1560nm upstream

RF-video overlay, Data, VoIP, TDM
Using a block cypher for downstream traffic allows
ensuring secure point-to-multipoint communication
In case of using more than one port for a single trunk
connection, in case of failure there is a mechanism that
ensures that connectivity would not be lost. Port
protection is performed in the OLT
Forward Error Correction for controlling errors during the
data transmission
Table 3 GPON main characteristics [11]

As we saw, GPON includes many functionalities and features that will provide enough
capacity, reliability and security to our deployment. The most important aspects to take
into account are the downstream and upstream rates and the maximum splitting factor,
as well as the optical budget is enough for the relatively small distances that we are
considering in this project.

2.3.3 Upgrade paths
Another reason for having chosen GPON instead of EPON as the PON standard for our
network deployments, is that the ITU-T is introducing the next-generation PON (NG-
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PON1) in order to upgrade the current GPON networks, as well as it is compatible with
the current standard. So, the current data rates are improved by the implementation of
NG-PON, such that we can reach up to 2.5 Gbps upstream and 10Gbps downstream, in
front of the current 1.5 Gbps upstream and 2.5 Gbps downstream.
By using GPON we are satisfying the current bandwidth demands, and we are also
prepared for supporting greater amounts, as well as NG-PON could be introduced if
necessary (in case of changes of applications requirements) due to its compatibility with
GPON.

2.4 Traffic Offload
As we have seen on the introduction (1.3 Motivation), wireless traffic is increasing
significantly every year due to smartphones and other similar devices utilization, which
implies that wireless networks have to evolve for supporting such a load. As licensed
spectrum is a scarce commodity, we can point that we need to use other bands in order
to provide an appropriate service to the users. And here comes traffic offload, a
solution that combines both licensed and unlicensed bands for outputting a better userexperience for the costumer. The unlicensed band is usually used in congested
environments (airports, stadiums, universities…), at which is worth to deploy small
cells technologies, such that Wi-Fi or WiMAX.
In our case we will focus on Wi-Fi offload, which combines this technology with
mobile broadband technologies (3G, LTE…) in order to provide a cost-effective
solution for mobile data transportation. In Wi-Fi offload we find two types of accesses:




SIM based: users that have a SIM card do not have to implement any
authentication mechanism since the Wi-Fi network automatically recognizes
them thanks to its SIM card (more details in section 2.5 Security and Access
Control).
Non-SIM based: users that have non-SIM devices can connect to good quality
networks by using portal-based authentication.

In resume, traffic offload is a powerful solution that prevents exhausting the bandwidth
for mobile communications, that allows mobile operators to provide more coverage
zones at a lower price and that enables non-SIM devices connecting their networks,
which increases their market scope. In order to provide more evidences about the
benefits of implementing traffic offload in very concurrent zones, here we show a table
in which some parameters are compared between Wi-Fi, 3G and LTE:
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Parameter

IEEE 802.11ac

3G (HSPA+)

LTE Version 8

Theoretical peak
data rates (DL)
Typical user rates
(carrier Wi-Fi)
Typical spectrum
available
Frequency bands

1.3 Gbps

168 Mbps

300 Mbps

70-100 Mbps

10-20 Mbps

30-50 Mbps

500 MHz

5-15 MHz

20 MHz

5 GHz

Many options
(in Spain 900 and
2100 MHz)

Many options
(in Spain 800 and
2600 MHz)

Up to 50 m

Up to 10 km

Up to 10 km

Typical cell range

Table 4 Comparing Wi-Fi and 3G/LTE performance [12]

As we saw, Wi-Fi provides much more capacity due to the data rates allowed and to the
higher amount of available bandwidth. In opposite, it cannot be used for covering large
distances, which can be done in HSPA+ and LTE, where distances up to 10 km can be
achieved.
To emphasize on the importance of traffic offload here we show a graph from the Cisco
VNI Mobile, which shows that traffic offload today supposes the 45% of the total traffic
performed in dual-mode devices, i.e. devices that can access the Internet by using either
Wi-Fi or cellular technologies. In addition, this share is going to increase until the 54%
in 2019. Note that traffic is also increasing quantitatively (from 1.2 to 28.9 Exabyte per
month).

Figure 6 Cellular vs. Offload traffic tendency [13]

In the specific case of tablets, traffic offload supposes a greater amount (~70%), as well as them tend not
to use SIM cards.
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2.5 Security and Access Control
Once we have seen that Wi-Fi Offload is a smart solution for wireless deployments on
high-density environments, we must consider how security and access control must be
performed. As we saw, there are two different types of devices that can access to the
wireless networks that we are proposing: SIM and non-SIM devices. For SIM-based
devices we need to identify the user by its IMSI (International Mobile Subscriber
Identity), which can be done connecting to a HSS or HLR 3. On the other hand, nonSIM-based devices need to complete a different process in which user can be identified
due to a portal-based authentication solution, which consists in redirecting the user to an
HTTP connection for requesting some information that will allow him to identify
himself (providing its passport number, email, etc.).
As well as it is important to provide an easy authentication method for the user, it is also
important to provide security due to the most common problems that can occur in a
hotspot. The most common attacks are:


Evil twin attack: the attacker copies the SSID of the hotspot in order to attract users
to connect to his machine. This is useful for stealing the identity of the victim and
monitoring all its movements by redirecting his requests to the real network.



Session hi-jacking: the attacker disassociates the session of the victim with the
access point in order to take the control.



Session side-jacking: the attacked obtains a cookie of a session of the victim in
order to access to his personal webpages (e.g. Facebook).



Eavesdropping: the attacker observes the traffic in order to obtain sensible
information (passwords, cc numbers, etc.).

In addition, the applied security should allow the users to access the network with a
user/password combination and should include the possibility of revoking the access to a
specific user (e.g. when a device is lost or stolen).

2.5.1 IEEE 802.1x
As we saw, we must define how authentication is carried out in order to provide
security to a high-density wireless network. For that, we focus on the IEEE 802.1x
standard, which is based in an encapsulation of EAP (Extensible Authentication
Protocol) for LANs and RADIUS. The mentioned encapsulation of EAP is called
EAPoL (EAP over LAN) and is defined in RFC 3748 [14]. EAPoL is a layer-2 protocol
that is responsible for packet transportation between the supplicant and the
authenticator.

3

HLR (Home Location Register) and HSS (Home Subscriber Server) are used in GSM and LTE,
respectively, and its purpose is user identification and addressing by using the IMSI.
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As we will see, during the authentication process the user or supplicant performs a
request to the closest access point (authenticator), which forwards the request to the
authenticator server in case of supplicant is unknown. When authentication is
performed, the supplicant can automatically connect to the network by authenticating its
MAC. The following picture shows this process in a simple way (we will specifically
show how this process is done for SIM based and non-SIM based devices):

Figure 7 EAP User Authentication [15]

So, IEEE 802.1x defines how users in a LAN/WLAN must be authenticated by
including security to the underlying communication processes.

2.5.2 SIM-card devices
As we saw, in a high density network that implements mobile traffic offload, two types
of devices can be seen. In case of SIM-based devices we use its IMSI for user
authentication, such that is necessary to contact to a HLR or a HSS in order to obtain
the proper information. Below, we show a graph in which a typical communication is
performed between all the network elements that take part on the authentication process
for a SIM-card device.
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Figure 8 EAP-SIM authentication [16]

In the previous image, the user wants to connect to the Wi-Fi hotspot, so it sends its
identifier to the AP, which will connect to the RADIUS server for sending the
information to the mobile operator in case that the user is unknown. Then, it is check on
the HSS or the HLR (depending if we are using GSM or LTE) if the user can access or
not to the network, which is told to the RADIUS server. Finally, RADIUS server
authorizes or not the user, which will be able to connect to the Internet through the AP.
Note that all the communication between the device, the AP and the authentication
server, uses EAP.

2.5.3 Non-SIM-card devices
On the other hand, using Wi-Fi allows the provider to embrace a higher part of the
market, such that non-SIM devices usually have a Wi-Fi transceiver from which they
can connect to the network. As EAP for SIM would not suit this situation, this kind of
users can connect the network by using portal-based authentication. So, the mechanism
for providing Internet access to non-SIM devices works as follows:





The user attempts to connect to the network known by its SSID.
The DNS automatically forwards to the Wireless Access Gateway (WAG),
which communicates with the authentication server.
If the system does not recognize the MAC of the device, the HTTP request is
forwarded to the captive portal.
Here it is performed authentication, authorization and accounting (AAA). At
that moment, the user is stored in the cache of the WAG for future
connection establishments.
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Then, the wireless system is signaled for authorizing or not the user to send
and receive information.

Figure 9 Portal-based authentication process [17]
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3. Wireless technologies
3.1 Antenna Theory
The special characteristics of a high-density environment wireless deployment make us
concern about antenna’s operational mode. The fact that a high amount of people to
whom deliver the service is concentrated in relatively small zones makes mandatory to
use directional antennas on the major part of the deployment. So, in this section we are
providing some antenna’s theory principles in order to understand where the APs must
be located and which type of antennas must they use.
An antenna is a device that can be used for transmitting and receiving information by
using electromagnetic waves. A typical characteristic of antennas is the beam, which
determines how much power is sent to specific directions, and which will serve us to
classify the different types of antennas useful for high-density wireless deployments.

3.1.1 Omnidirectional antennas
The purpose of this type of antennas is to distribute
the signal throughout space equally, in order to send
and receive information to all the devices located in
a certain spherical area. So, the radiation pattern of
an omnidirectional antenna attempts to cover 360º,
but that is not possible, as well as antennas are not
ideal and cannot transmit power uniformly to all the
spaces directions.
Omnidirectional antennas are usually used in
Figure 10 Omnidirectional antenna
hotspots at which users can be at any point around
radiation pattern
the access point. A common example of an
omnidirectional antenna is dipole antenna, which radiation pattern is omnidirectional
on the horizontal plane if it is mounted vertically.

3.1.2 Directive antennas
In opposite to omnidirectional antennas, directive antennas focus the beam of energy
into a specific direction, which varies in function of the physical parameters of the
antenna. So, directive antennas are useful in that cases at which it is important to cover
specific sectors of an environment.
An example of directive antennas is the Yagi-Uda antenna, which consists in parallel
dipole antennas with different functionalities. The main element is feed with electrical
energy while the others act as passive elements that conduct the energy beam and make
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directive the radiation pattern. The following images show the typical radiation pattern
of a Yagi-Uda antenna:

Figure 12 Yagi-uda beamform (front view)

Figure 11 Yagi-uda beamform (top view)

Another common example of directive antennas is the patch antenna, which is very
simple, as well as it is easy to manufacture and can be mounted in a flat surface. The
main drawback of patch antennas is that they lose a lot of efficiency when there is no
LoS (Line of Sight). In addition, the radiation pattern of patch antennas is much less
directive than Yagi-Uda’s.
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3.2 Very-High Throughput Wireless Standards
Our main purpose is to deploy a high-density wireless network, which means that it
must support a huge number of users. For that, we want that the APs deployed
implement one of the very-high throughput 802.11 standards published by the IEEE,
which support the physical transmission of great amounts of traffic. The most
outstanding standards are IEEE 802.11af, IEEE 802.11ad and IEEE 802.11ac, which are
going to be introduced below.

3.2.1 TV White-Space Wi-Fi
IEEE 802.11af has been released for using the TV White space, which is comprehended
in the VHF and UHF bands (54 – 790 MHz). This standard allows achieving long
distances by suffering low path loss attenuations, but it does not provide as high rates as
other standards offer. The maximum achievable theoretical data rate is 568.9 Mbit/s for
8 MHz channels and by using four bonded channels and four spatial streams. So, IEEE
802.11af provides good signal propagation at relatively high bandwidths due to its
frequency band characteristics.
There are many possibilities for IEEE 802.11af usage, of which we can highlight the
following ones:




Wide coverage in low-density areas: as signal propagation is a virtue of this
standard, we are able to perform deployments in low-density areas (such as rural
areas) by providing coverage to many users at wide areas.
Hotspots: as 2,4 and 5 GHz bands are commonly congested, it is possible to use
this standard for implementing a hotspot by using very small cells (depending on
the number of users of the entire network).
Backhaul: often, connecting all the devices that compose a network is really
challenging and costly (Wi-Fi at hotels, a network of security cameras, etc.). For
that, IEEE 802.11af could be used for wirelessly connecting the elements that
are hardly accessed with wires (for instance, the APs that operate at other
frequencies for its custom usage). This way the components could be located at
optimal locations, without being conditioned by its wired accessibility. So, the
backhaul of any network could be composed by wireless devices.

3.2.2 WiGig
The main characteristic of IEEE 802.11ad is that it uses the unlicensed band of 60 GHz,
which allows using a broad bandwidth and, thus transmitting data at really high rates
(up to 7 Gbps). Its main drawback is that it is not ready for allocating many users and it
does not allow using MIMO technologies. In addition, due to the characteristics of the
used frequencies, signals cannot be propagated quite far or across any barrier (typically,
up to 10 meters), which supposes an impediment for deploying a relatively big wireless
network. The most common implementations of IEEE 802.11ad are:
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HDTV wireless transmission: due to its high data rates, IEEE 802.11ad is very
useful for uncompressed video transmission, which could be useful for showing
images in a HDTV (enterprise, school, home…).
Connected office: one way to connect several devices in a room (computer,
printer, tablet, etc.) is by using this standard. As in the previous case, this will
allow to eliminate all the cables needed in environments such as offices or
houses.

3.2.3 5G Wi-Fi
The main objective of IEEE 802.11ac is allocating lots of users by offering high
throughputs in overall. For this, it uses the 5 GHz band, which allows reaching 1-2
Gbps of throughput. Although it is not intended to cover large distances, the standard
allows covering considerable areas (up to 50 m by preserving good throughputs), but it
is sensitive to barriers or other impediments on the signal’s path. The most common
applications that IEEE 802.11ac can fulfill are:




Hotspots: many hotspots could apply IEEE 802.11ac in order to improve its
performance. Additionally, the standard allows 3G and LTE offload, which is
very interesting for covering many business proposals (we already saw it at
section 2.4 Traffic Offload).
Mission-critical applications: we can find many examples of mission-critical
applications in medicine and other fields (e.g. print cardiac and x-ray images in
any device on real time), but we need to take into account that they need fast and
reliable data transmission to carry out their purposes. For that, IEEE 802.11ac
can perfectly suit and provide a good level of service.

Decision:
In our case we have selected IEEE 802.11ac because it is the standard that better suits
most of the situations in high-density environment deployments. The most important
reasons for that choice are:
 The need of offering wireless coverage at medium distances (up to 50 m).
Although IEEE 802.11af allows covering long ranges, we chose IEEE 802.11ac
because the required coverage distances are not big enough.
 The need of allocating a high number of users per AP, which is traduced in
having better throughputs per AP. The standard IEEE 802.11ad offers better
throughputs, but we cannot use it because it does not support as much users per
AP as we desire. On the other hand, an AP that implements IEEE 802.11ac is
able to deliver a reasonable data rate to several users.
 The need of using a non-saturated band, such that the 5 GHz band.
 The need of offering a traffic offload solution, which is possible with IEEE
802.11ac, as well as many devices support cellular and Wi-Fi connections.
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3.3 IEEE 802.11ac
The standard was published in January 2014, after 2 years of development on the IEEE
Standards Association [18] and it explains how many IEEE 802.11n concepts are
extended and how new features are integrated in order to provide high rates in very
high throughput WLANs. In summary, IEEE 802.11ac may offer throughputs about
1-2 Gbps for a high number of users (rate is shared), which is really high in comparison
with other 802.11 standards4. But we must take into account that these throughputs are
achieved under some ideal conditions and by applying advanced techniques that we are
studying right now. So, in this section we are going to see the main characteristics that
this standard provides in order to comprehend its potential and how can we apply it to
our network deployment.
Modulations used in IEEE 802.11ac
Another improvement that IEEE 802.11ac includes on its specification is about
modulation and coding rates, so that 256-QAM modulation and 5/6 coding rate are
available to use. In the following table we can see which modulations and coding rates
are allowed in IEEE 802.11ac, in comparison with IEEE 802.11n:
Standard
Modulations
Coding
Rates

802.11n
BPSK, QPSK, 16-QAM, 64QAM
1/2, 2/3, 3/4

802.11ac
BPSK, QPSK, 16-QAM, 64-QAM,
256-QAM
1/2, 2/3, 3/4, 5/6

Table 5 Modulations and coding rates on IEEE 802.11ac/n

With this information we can start making some calculations about the data rate that
each station will experience while transmitting the data. The formula to do the
calculations is:
𝑅𝑎𝑡𝑒 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑡𝑎 𝑠𝑢𝑏𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 · 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑡𝑎 𝑠𝑡𝑟𝑒𝑎𝑚𝑠 · 𝐶𝑜𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
𝑂𝐹𝐷𝑀 𝑠𝑦𝑚𝑏𝑜𝑙 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

where the number of data subcarriers varies with channel width (see table 10), the
number of data streams is provided by the modulation used (e.g. 1 for BPSK, 2 for
QPSK, etc.), the coding rate is the rate of data bits vs. total bits (including redundancy,
errors correction…) and the duration of an OFDM symbol is 3.6 · 10-6 seconds.

4

IEEE 802.11a offers a maximum throughput of about 25 Mbps, while IEEE 802.11n offers a maximum
throughput of about 250 Mbps.
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Channel width (MHz)
20
40
80
160

Number of data
subcarriers
52
108
234
468

Number of pilot
subcarriers
4
6
8
16

Table 6 Number of data/pilot subcarriers for channel width [19]

Now we have all the ingredients to compute all the rates for each situation. Below, we
are showing a table that contains the results of computing the data rates for the 64-QAM
and 256-QAM modulations by using channels of 20 and 40 MHz, which are the most
widely used (see the appendix 1 to see all the possible combinations). Note that these
rates refer to a transmission by a single antenna, which means that performance could
be improved even more, but this is going to be shown on the next few sections. We also
have to take into account that this is not the total throughput, because we are not
considering packet’s overhead yet.
Channel width
(MHz)
20
20
20
20
20
40
40
40
40
40
80
80
80
80
80

Modulation

Coding rate

BPSK
QPSK
16-QAM
64-QAM
256-QAM
BPSK
QPSK
16-QAM
64-QAM
256-QAM
BPSK
QPSK
16-QAM
64-QAM
256-QAM

5/6
5/6
5/6
5/6
5/6
5/6
5/6
5/6
5/6
5/6
5/6
5/6
5/6
5/6
5/6

Transmission Rate
(Mbps)
10,83
21,67
43,33
65,00
86,67
22,50
45,00
90,00
135,00
180,00
48,75
97,50
195,00
292,50
390,00

Table 7 Transmission rates for 64-QAM and 256-QAM modulations

3.3.1 Distributed Coordinated Function
Distributed Coordinated Function (DCF) is the technique used by the standard IEEE
802.11ac (and other IEEE 802.11 standards) for channel access arbitration. For that
DCF uses the following methods:
CSMA/CD (Carrier Sense Multiple Access / Collision Detection): this is the protocol
used by the nodes in the network for accessing to the shared channel without producing
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collisions (or minimizing its probability). In this way, a transmitting station must listen
to the channel before attempting to transmit. It is considered that the channel is empty
when it has been in silence at least for DIFS5 seconds. When a collision is detected, it is
notified to all the stations on the network and a backoff algorithm is implemented in
order to resume transmissions.
BEB (Binary Exponential Backoff): this is the backoff algorithm that allows reducing
collisions and dealing with them while maximizing the time the channel is being used
(when it is empty we are losing time). In this algorithm, each time a station wants to
transmit it has to choose a random number between 0 and CW-1, where CW
(Contention Window) is a settable value. Then, when the station notices that the channel
is empty (DIFS period), it waits for the chosen value before transmitting. Note that it is
possible that other station transmits during that elapse of time (it can select a lower
number), so the backoff counter number will be stored for the next transmission chance.
In case any collision occurs, the CW will be increased exponentially for that station, but
it will not exceed a maximum established number (in case the station experiments many
collisions).
ARQ (Automatic Repeat reQuest): this is the protocol that ensures that data is
properly delivered to its destination. For this, packets must be retransmitted until
acknowledged or discarded (maximum number of retransmissions has been achieved).
In this way, a packet transmission is not ended until the ACK has been received or if the
maximum time is over. In the following image we show a simple communication
sequence between an AP and two stations:

5

DIFS value varies according to the standard used. It is calculated as follows: DIFS = SIFS + (2 * Slot
Time). In IEEE 802.11ac it corresponds to 34 µs.
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Figure 13 Simple communication scheme by using DCF

The key issue is that when any station is transmitting data, the others listen to the
channel for avoiding collisions. The moment in which transmission has ended it is
known because the channel has been in silence during a period DIFS. As we will see,
this is not a perfect approach because there are some cases in which collisions can occur
frequently. For this, many other mechanisms (e.g. RTS/CTS) are used for improving
this protocol.

3.3.2 OFDM
Orthogonal frequency-division multiplexing (OFDM) is the method used by IEEE
802.11ac standard (and other 802.11 standards) for signal’s modulation. The main
attribute of OFDM is that it is an approach based on FDM (Frequency Division
Multiplexing), which allows transmitting several data streams at the same time. These
data streams need to be orthogonal6, which allows deleting non-desirable signals at a
specific receiver in order to cancel interferences. All the signals are spread among the
channel in a specific number of subcarriers.

6

Orthogonal signals are unique and cannot be equal to another by multiplying for a constant (1 or -1).
Commonly, Walsh-Hadamard spreading sequences are used (e.g. for two users: [1,1], [1,-1])
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Figure 14 IEEE 802.11ac frequency channels in Europe [20]

The previous image shows the frequencies used by the IEEE 802.11ac standard in the 5
GHz band, which depend on the channel width (as bigger it is, the signal is transmitted
faster). We note that channel bonding has been increased regarding the IEEE 802.11n
standard, which changes from 40 MHz to 80 MHz, and even to 160 MHz (in order to
obtain 117% or 333% speed-ups, respectively [21]). In case of using 20 MHz channels,
we have 64 subcarriers of 312.5 KHz bandwidth. Four of them are called pilot
subcarrier and are used for channel measurement purposes. We also have to take into
account that IEEE 802.11ac only operates at 5 GHz band.
Unused
subc.
Transmitting
subc.
Pilot subc.

312.5 KHz
20 MHz

Figure 15 IEEE 802.11ac 20 MHz channel division

The capability of sending many different signals at the same frequency without
suffering collisions makes OFDM an interesting proposal for digital signal modulation.
Furthermore, we can conclude that this type of modulation is able to deal successfully
with attenuation, interferences and multipath7.

7

Multipath is the phenomena in which the same signal is received at the receiver from different paths due
to signal rebounds. This may make signal cancellation because the different phases cancel each other.
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RTS/CTS Mechanism
This mechanism helps to maximize the bandwidth used at any transmission and it is
also very useful for avoiding collisions. The idea is that any station that wants to
transmit has to send a packet called RTS (Ready To Send) to the AP before starting to
transmit. If channel is free, the AP will answer to the station with a packet called CTS
(Clear To Send), which will also determine the bandwidth availability (e.g. possibility
of occupying 80 MHz channel instead of 40 MHz or 20 MHz channel).
The following image shows how channel is tapped as far as possible by the transmitting
nodes.

Figure 16 RTS/CTS mechanism by Cisco [22]

On the case (a), the station listens to the channel and notices that it is able to transmit,
so it sends a RTS request to the AP, which answers with a CTS response that reports
that the whole 80 MHz band is clear. With that, the station can occupy the entire
channel in order to transmit more information.
On the other hand, the case (b) shows how half of the channel is being used by another
adjacent AP, so the CTS answer for the same RTS packet than before explains that this
time only 40 MHz of the channel are clear, so transmission will take place at those
frequencies.
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In conclusion, OFDM can simultaneously transmit information in many subcarrier
signals, can deal with interferences, multipath and attenuation, and it also allows to
maximize the channel occupation at each transmission by using the RTS/CTS
mechanism, which will also avoid the hidden-terminal problem8.

3.3.3 User Beamforming
An interesting feature included in the standard is user beamforming, which is useful for
reaching longer distances or providing spatial selectivity. This feature consists in
generating directional signal beams for specifically reaching each user that is connected
to the transmitting station (e.g. the access point). This way, the transmitting station
knows where each user is located in order to process energy beams to their direction,
which allows covering longer distances than using omnidirectional antennas.
Beamforming is performed thanks to antenna arrays properties, which were explained in
section 3.1 Antenna Theory.

Figure 17 Multi-user Beamforming

In the previous image we have a station that is transmitting different beams of energy to
the other stations. With a single antenna, this is done sequentially, i.e. the station “A”
transmits packets to “B”, “C” and “D” in order. When any transmission is performed,
the other stations waiting need to know who is transmitting in that moment, because it is
possible that they are not located within the beam of energy, so they cannot listen to the

8

The hidden-terminal problem occurs when two or more stations are associated to the same BSS but they
are each other out of range, causing many collisions by assuming that the channel is clear. With RTS/CTS
mechanism, all the stations in the range of the AP can notice whenever a CTS packet is send to a specific
node, so they will have to wait until transmission is finished (a fixed amount of time).
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channel in order to know if it is empty or not. For that, the AP and the other stations
exchange information that allows performing virtual carrier sense.
The main drawback of beamforming is, as always, the overhead generated by the bit
sequences that are sent periodically in order to indicate where the terminals are located
in each moment and when are they going to transmit (the transmitting order).
Beamforming can be combined with spatial multiplexing (section 3.3.5 Spatial
Multiplexing) for performing multi-user beamforming, which allows transmitting
several beams of energy at the same time.

3.3.4 Packet aggregation
Packet aggregation consists in sending several data in the same transmission interval in
order to minimize the overhead produced by other mechanisms that avoid collisions or
maximize the throughput (DIFS, SIFS, Backoff…). The main drawback of this
approach is that channel is detained for longer times by the transmitting stations, which
produces higher delays for accessing the channel in some cases (devices with higher
backoff).

Figure 18 Packet Aggregation [23]

As shown on the previous image, we can save up to send many multiple access
overhead (DIFS, SIFS, backoff, etc.) by using packet aggregation, as well as it is used
the same “session” for sending several packets.
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3.3.5 Spatial multiplexing
Another important new feature of IEEE
802.11ac that allows maximizing the
throughput is the spatial multiplexing
technique, which basically consists in sending
different streams of bits to different receivers
(or antennas from the same receiver), i.e. we
can transmit different packets at the same
time. This can be done by using channel
inversion techniques, which will allow
discarding these signals that may cause
interference.

Figure 19 Spatial multiplexing example

To illustrate how spatial multiplexing is
applied within a transmitter and multiple receivers, we are showing a simple scheme
with one transmitter with two antennas and two receivers with one antenna each one,
which are getting data simultaneously. Note that both stations receive undesired signals
that are intended to be for the other STA, but we can easily cancel them at each receiver
in order to extract the useful data.
This approach let us transmit as many signal streams as antennas has the transmitter and
the receivers all together. Similarly, a receiver can receive as many data streams as
antennas it has. Obviously, this is not a perfect improvement that would increase the
throughput linearly with the number of antennas; with spatial multiplexing we are going
to need to use more overhead for training sequences and the transmitted power is going
to be split, so that we would experiment lower data rates and higher error probabilities.
Although these drawbacks it is still a good option to maximize the channel throughput.
As we saw, IEEE 802.11ac includes many mechanisms that, if combined, offer very
high throughput to a large number of users.

3.4 LTE technologies
Long Term Evolution (LTE) is a mobile communications standard made by the 3GPP,
and which was intended to solve many problems that some previous standards had.
Some of the improvements presented by LTE are listed below:





Increase the supported amount of traffic per users (up to 300Mbps downlink
and 75 Mbps downlink)
Decrease the handover latencies
Improve the support for mobility (speed at which the device travels)
Increase the cell ranges (up to 100 km)
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Increase the number of users supported per cell
Support different channel bandwidths used (1.4, 3, 5, 10, 15 and 20 MHz)

In addition, the manufacturing costs for LTE devices are lower because the standard
becomes less complex. LTE has suffering (and still does) many changes since its
launch, so here we are going to focus on the LTE version 8. The main features of LTE
version 8 are shown below:
Feature
Maximum data rate
Allowed bandwidths
Maximum cell range
Allowed modulations
Spatial multiplexing

Value
300 Mbps / 75 Mbps (uplink/downlink)
1.4, 3, 5, 10, 15 and 20 MHz
100 km
QPSK, 16QAM, 64QAM
Up to 4 spatial streams
Table 8 LTE main features

Then, we can classify the devices that implement LTE by category, depending on the
features that include:
Category
Data rate
Channel
width
Modulation
2x2 MIMO
4x4 MIMO

1
10/5

Not
supported

2
50/25

3
100/50
20 MHz

4
150/50

5
300/75

QPSK, 16QAM and 64QAM
Mandatory
Not supported

Mandatory

Table 9 LTE devices category

Now, in order to see how an LTE network looks like, we will show a very simplified
diagram of the main players in it:

Figure 20 LTE network architecture

Below, we show the description of each part of the network:
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The UE (User equipment) is the client side and it is composed by the MT
(Mobile Termination), the TE (Terminal Equipment) and the UICC (Universal
Integrated Circuit Card or SIM card for LTE). All the components in the UE are
usually integrated in the same device.
The E-UTRAN (Evolved UMTS Terrestrial Radio Access Network) is the set of
base stations (or evolved base stations, eNB) that compose the cellular network.
The eNB at which the UE is connected informs the core of the network in order
to locate the user for establishing a communication with another UE.
The EPC (Evolved Packet Network) shapes the core of the network, as well as it
contains core components, like the HSS (Home Subscriber Server), the S-GW
(Serving GateWay), the MME (Mobility Management Entity) or the PCRF
(Policy Control and Charging Rules Function). In addition, in the EPC it is
performed some other operations, like the functionalities that the ETWS
(Earthquake and Tsunami Warning System) or the EIR (Equipment Identity
Register) provide.
The PDN-GW (Packet Data Network GateWay) communicates the other LTE
networks, i.e., the networks of the different mobile operators.

3.4.1 U-LTE
The Unlicensed LTE (U-LTE) basically proposes to use LTE in the 5 GHz band, by
using dual-band Wi-Fi equipment. Note that U-LTE can perfectly coexist with Wi-Fi at
the 5 GHz band because of the fair channel access techniques implemented (Listen
Before Talk, LBT).
Thus, U-LTE allows using unlicensed spectrum for meeting the ever increasing needs of
bandwidth. A typical scenario for using U-LTE is by combining it with LTE that uses
licensed spectrum (800 MHz band). In the following image we can see that U-LTE is
better for covering shorter distances, as many regulatory organisms dictate that
transmitted power in unlicensed bands has to be low.
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Figure 21 Target scenarios for U-LTE deployment [24]

As U-LTE operates at the same band that IEEE 802.11ac, traffic offload becomes
flexible and efficient, as well as the backhaul infrastructure can be reused. The
following images shows an LTE network that connects to a WLAN for providing traffic
offload and to a U-LTE cell, such that the eNB is the only element that needs to be
adapted.

Figure 22 Typical ULTE network topology [25]
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4. Use Case
Once we saw the available technology and its potential applications, here we will
describe a powerful use case: we are going to provide the design of a wireless network
for a real stadium in order to provide Internet connectivity to the users by using Wi-Fi.
We have selected GPON as mobile backhaul technology and 802.11ac as the wireless
technological choice. GPON offers enough transmission capabilities and a good balance
between performance and costs. On the other hand, IEEE802.11ac offers much higher
compatibility than U-LTE and can be directly use by present smartphones. That is the
reason this has been the wireless technology used for this network design

4.1 Smart Stadiums Overview
Smart Stadium is the term that has been granted to these stadiums that have evolved in
order to provide networking services (in general, Internet and cellular connectivity) that
enrich the user experience during the given event.
So, a Smart Stadium renews the concept perceived until now about a traditional
Stadium, at which people used to attend just to watch any spectacle (sports, in general).
With this new concept, people can interact through new technologies in order to be part
of the spectacle and thus, they may enjoy a richer experience. As we can see in the
article “Why Stadium Wi-Fi is a Win-win-win” [26], both customers (spectators) and
vendors (stadium owner/promoter) are clearly beneficiated of a Wi-Fi deployment in a
stadium:


For the spectator, there is a considerable extension of its experience, thanks to
new possibilities offered to them, which are uncountable and may depend on
what services the provider is willing to offer. Some outputs that the spectator
may enjoy are:












Share its feelings with family, friends, or other people
Betting
Ticketing
Contact security in case of troubles
Buy food or merchandising on the seat
Watch statistics in live about the match
Participate in contests or enjoy exclusive promotions
Seat reservation
Parking availability
Send messages to be displayed on the HDTV
And so much more
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On the other hand, by adding new functionalities to the product or service, the
vendor may experiment a very positive revaluation of the business he is
carrying out. Furthermore, he also can increase its sells, obtain revenues from
the new services deployed, reach new market segmentations, increase the
number of sponsors by adding advertisements, and obtain a higher throughput
from its current customers.

All these reasons make us realize that a Smart Stadium is a very attractive business in
which is worth to taking part on it.
Once we have introduced the most relevant benefits that a smart stadium can cause to
both consumers and vendors, on the following section we will provide some examples
of deployments performed on the recent years by many clubs and other organizations of
different sports (soccer, football, baseball, etc.).

4.1.1 Smart Stadium Examples
As said before, becoming a smart stadium supposes a win-win relation for both
providers and customers, and this section provides evidences of that by taking a look on
some recent success stories. In them, we will see how many organizations decided to
transform their stadium into a Smart Stadium [27] in order to update their installations
for meeting new needs.
1- Amsterdam Arena, Netherlands
On 22nd May 2014, the ICT partner Huawei and AFC
Ajax agreed to collaborate in order to improve the
Amsterdam Arena stadium [28]. Nowadays, the
Amsterdam Arena is able to support many types of
traffic for different purposes:




Figure 23 Amsterdam Arena

IP traffic for providing relevant information to the spectators through a mobile
application (merchandising stock and prices, parking guidance, etc.)
Connectivity to its 750 screens for narrowcasting
Connectivity to its sensors network, which allows monitoring and controlling the
temperature and lighting systems and also the retractable roof.

The commitment between the Korean IT enterprise and the Netherland’s club clearly
opened the door to other important clubs of the Netherlands football (PSV Eindhoven,
ADO Den Haag…).
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2- Nanjing Olympic Center, China
For the 2008 Summer Games, the government of
China and the IT company “CommScope”
developed the Nanjing Olympic Center project, in
which it was built a network in the most important
stadium for the event in order to support VoIP,
Figure 24 Nanjing Olympic Center
access control and building management systems.
Also, CommScope provided connectivity during the event by managing end to end rates
of about 1 Gbps to more than 8000 information points.
The particularity of this project is that it had to be done in a small lapse of time and had
to be very reliable and secure due to the event’s characteristics. The project also had to
be economic and as much amortizable as possible because the stadium was not going to
allocate similar events short term.
3- Dallas Cowboys Stadium, USA
In this stadium (also by CommScope) it was built a
network with a considerable reservation of bandwidth for
voice, video and data. The services that are being offered
are:




Data provisioning for the world’s largest HDTV
(2800 monitors through the stadium)
Products’ ordering system (food, merchandising,
etc.)
A massive data-center

Figure 25 Dallas Cowboys
Stadium, USA

We can also remark that all this is infrastructure (the entire network has more than
40000 ports) can be managed just from just one desktop [29].
4- Yankee Stadium, USA
With capacity for 50.287 [30] spectators, this stadium was
remodeled in order to deploy a network that could support
new bandwidth-intensive applications, like video under
UDP, audio, CCTV, access control, VoIP or building
management. Some of the results of the work performed
in this scenario are [31]:


WiFi and cell coverage throughout all the stadium

Figure 26 Yankee Stadium, USA
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Video narrowcasting to more than 1200 screens
High-end voice and data communications capabilities for the staff (10Gbps
access links)
IP call center to support Ticketmaster’s onsite requirements
Videoconferencing services

5- University of Phoenix Stadium, USA
This stadium has capacity for 72.200 spectators and the
project carried out here was intended to provide wireless
access to the Internet to each one. Similarly to the
Yankee Stadium, it was also deployed the backbone to
support other activities, such that those carried out on the
offices, the media departments, the locker rooms, etc.
[32]

Figure 27 University of Phoenix
Stadium, USA

6- Miami Marlins Stadium, USA
Similarly to the other exposed projects, this stadium has built a
network that allows the spectators to use an App [33], which
offers a new experience to their users, such that food ordering,
seat experience upgrade components, etc. The network
deployed is formed by 225 AP that provide connectivity to
9500 simultaneous guests for the commented purposes. It is Figure 28 Miami Marlins
Stadium, USA [35]
also taken into account to control the retractable roof and to
provide other communications services (IPTV, video conferences, voice, etc.) [34].

4.1.2 BVB’s Stadium
Before focusing on the target of this project we are going study to another real case that
has been performed very recently, and which is exemplar for us due to its
characteristics. This is the case of the BVB’s stadium, which is located on the
Dortmund city (Deutschland), and below we analyze the characteristics of its wireless
deployment in order to take the project as a reference [36]:




In the first place, the club that decided to carry out the project is a historic
football team of Germany, which is known worldwide, and which has a large
number of fans (88.000 members) that attend to the stadium. For them, it is
expected to manage about 12 Gbps as outbound traffic.
Secondly, BVB decided to work with Huawei for building a powerful network
that would provide wireless coverage to all its spectators, so we are considering
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a very important European project as a reference that may help us in our own
deployment.
Finally, the Signal Iduna Park has a similar architecture than the Power8
stadium, so we can learn some interesting things about the APs deployment. On
the following image it is shown the BVB’s Stadium, from which we can see that
the roof structure is ideal for an AP deployment:

Figure 29 Signal Iduna Stadium [37]

A feature that strikes us is that it was expected to install at least an AP in 5 meters
radius in order to provide an excellent user experience. As this is a very high amount of
equipment (APs, cables, switch, etc.), we may think that is a waste of money and
resources, but the fact that fans can enjoy a high-speed connectivity is not an expense,
but a good investment. As we will see, the club has been actually benefited from the
installed network in many aspects. In the table below it is shown which services have
been delivered in order to obtain a certain benefit:
Issue

More convenience

Improved fan interaction














Services
Navigation-enabled parking, seating, and shopping
via Wi-Fi positioning
Mobile payment for parking
Wireless ticket check
Food purchasing on seat
Online comments and postings
Social interaction on a community website
Interactive games
Lucky draws
Digital posters
Live game broadcasts
Replay of exciting moments
Real-time statistics collection
and many other interactive widgets
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Increased revenue

Enhanced efficiency for
stadium operations
High accuracy facilities
support







Location-based push advertising
e-coupon promotions
Food purchase guide
Online gambling
3G and LTE traffic steering in cooperation with carriers.





Power management
Wireless voice infrastructure
Video conferencing



Collection of business statistics and fan event
information.

Table 10 Services provided by network built on BVB Stadium [38]

Now, we are going to see some technical features that make this a correct deployment:
1. A smart planning tool has been used in order to obtain an optimal Wi-Fi network
(by avoiding interior obstacles as much as possible) and for checking that results
are according to what was plan once deployment is done.
2. Most of the APs installed at the BVB stadium use 15-degree directional
antennas for providing better accuracy coverage and for reducing interference,
which it is also faced by dynamical signal adjustment.
3. The system automatically detects interferences and reallocates the channels
distribution. In addition, transmission power is also adjusted dynamically for
contributing in interferences reduction.
4. Smart scheduling is used for maximizing the efficiency of the APs. This is really
useful on these cases in which some terminals offer very poor rates.
5. Security measures have been applied in order to fight cyber-crime and to protect
both the equipment and the users. Some applied measures consist in:
 Intrusion protection
 Anti-virus
 Anti DDoS (Distributed Deny of Service)
 URL filtering
6. Different types of services are provided to VIP and custom spectators by using
differentiating QoS.
As we saw, the BVB’s Stadium can be a benchmark for us while thinking on our
deployment, as well is it a well-known success case that implements most of the
technologies that would suit in the case of Power8 stadium.
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4.2 Power8 Stadium
The target of the high-density wireless network proposal of this project is Power8
Stadium, which belongs to RCD Espanyol, a football club that is part of one of the
most important professional leagues in the world: the LFP (“Liga de Fútbol
Profesional”). The sport facilities built by RCDE were inaugurated on August 2nd, 2009
after 5 years of construction work, such that the project culminated in a stadium, a
museum, offices and a shopping mall called Splau [39].
Regarding the stadium main characteristics, we can emphasize some information of
interest for this project, such that Power8 stadium has capacity for 40.500 spectators,
3.278 parking spaces, 27 snack bars, 24 radio booths and 133 seats for the press [40]. In
addition, it was built for allowing new communications deployments, such that ducts
were held in a way that they were accessible without being a nuisance. Another
important feature for a network deployment is the ring that surrounds the stadium,
which supposes a great advantage for installing wireless equipment, as well as it
provides direct line of sight to most of the zones in the building. In fact, the ring covers
almost all the outdoor part of the building (92.5% of seats).

Figure 30 Roof structure of the Power8 Stadium [41]

Next, we will explain the main IT characteristics and infrastructures of this stadium and
how them can be reused. Fortunately, Àngel Rojas (CTO of RCDE) gave us an
interview in which he explained how they built the stadium, the problems they had to
face and which IT services are offering and will be offered.

4.2.1 Trajectory
RCD Espanyol was founded the year 1900, but they did not build a stadium until the
year 1927, so Sarrià stadium was born to be the house of this club. During its life time
(until 1997), Sarrià stadium was remodeled several times and many matches of the
FIFA World Cup Spain ’82 were held in it. But the year 1997 the club sold the land on
which the stadium was located and decided to rent the Olympic stadium of Montjuïc,

Francesc Wilhelmi Roca 60
Design of Cost-Effective Wireless Networks in High-Density Enclosures

which was built for the Barcelona ’92 Olympic Games. The main drawback of that
stadium was the poor IT infrastructure it had. When Àngel Rojas was explaining the
troubles they had in that stadium, he remembered an anecdote: “All the IT equipment
was gone with the Olympic Games, such that when we looked behind the scoreboard,
we found that the whole equipment was not there. They took to the last cable.” So, the
situation on the Montjuïc Stadium was really bad in terms of IT technology, but all this
improved with the new project of the “Cornellà - El Prat Stadium” (later named
“Power8 Stadium”), which had to be built from the beginning. This way, the IT
infrastructure could be designed for first time, such that all the IT stuff could be well
coupled with all the stadium structure. In order to maximize a limited budget for
building a frontline stadium, the goals needed to be really clear. Although having many
limitations, the requirements were well identified and the results were excellent, as we
are going to see below.

4.2.2 Infrastructure
Before having a look on the Power8 Stadium’s infrastructure, we are going to briefly
see their current users and their needs:








Players and coaching stuff: technology simplifies work of this type of users,
such that projection rooms or work areas with network connectivity are widely
used. Sometimes, the coach required IT technology during games in order to
show to reserve players some tactics or in live information. As Àngel Rojas said,
Mauricio Pochettino (RCDE’s coach from 2009 to 2012) used electronics in
order to show its players some moves during the matches. He used to have a
tablet with in-live edited images of the game, such that he was connected with
the imaging room through a VLAN.
Club professionals: club professionals are the people who work on the club and
that cover the non-sportive areas (IT, marketing, sales, management…). As in
any enterprise, this type of users require many IT services, which need to be
delivered by following some established time criteria. So, club professionals
need software, management tools, communication devices, etc.
Members and fans: the main services provided to these users are HDTV,
loudspeakers, telephony services (2G and 3G) and customizable TVs and IP
phone on VIP zones.
Information media and press: in order to do the retransmission of matches or
other events, the club decided to provide many facilities to journalists. The main
needs are writing news articles, interviews with players or other stuff,
connectivity with the mobile unit (TV or radio) and to dispose of seats and radio
booths.
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To support all the exposed needs, 1.150 UTP/RJ45 points of connection were installed
with different purposes. For managing all the data, 4 RACKs were located throughout
the stadium (one in each corner) and the DPC (“Data Processing Center”) was placed on
the S-W corner. The following images show where the DPC is located [42]:

Figure 31 Power8 Stadium’s DPC (I)

Figure 32 Power8 Stadium’s DPC (II)

Figure 33 Power8 Stadium’s DPC (III)
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DPC and RACKs are connected through optical fiber and there is always a backup line.
Another important feature is that throughout the entire stadium all cables are accessible
but very gentle/discrete.
In order to comprehend the infrastructure deployed, we can distinguish between three
types of services (and the type of them underlying data):


Voice: this is one of the most important services due to its capacity and demand.
On the first hand we have IP telephony, such that there are more than 350 active
IP phones spread among offices, restaurants/snack bars, VIP zones, etc. This
type of voice is handled with Ethernet technology. On the other hand, we have
2G and 3G deployment, such that there are deployed direct connections with the
4 main telephone companies (Movistar, Vodafone, Orange and Ono). Regarding
this technologies, Power8 stadium is able to manage a huge number of calls,
which makes from the Power8 stadium one of the frontline buildings of such
characteristics in Europe. Note that during the match RCD Espanyol vs Real
Madrid, more than 36.000 calls and more than 1.5 million data packets were
processed in less than 2 hours. The key issue for handling these amounts of data
is that there are many antennas located on the skywalk that surround the
stadium, which are connected to the DPC. At the DPC data is processed and sent
through optical fiber directly to the proper destination (there is one broadband
connection with each telephone company).
Finally, press uses ISDN (“Integrated Services for Digital Network”)
technology, which consists in a digital point to point communication that allows
them to cover the events. Although it is a bit outdated technology, many Spanish
communication mediums are using it for in-live transmissions (it ensures some
QoS metrics for a fast telephony connection).



Video: the most important video services are delivered in the VIP areas, such
that we have 190 monitors that combine TV and customized IP signals. In this
way, the vendor can combine many contents (the match retransmission,
additional information such that the first eleven, advertisings…) in order to
obtain more revenues. So, the match images are retrieved from the mobile unit
(Mediapro, Canal+, etc.), compressed in MPEG format and converted into IP
signals, which can be multiplexed into 4 different customizable channels.
Another important video application is used on the two installed scoreboards,
which allow using a HD-SDI, 1920x1080px resolution. In them, it is shown
information related with the event (the first eleven, the result of the match,
results of other matches…) and also advertisings. In addition, there are also 16
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HD cameras that allow performing personalized player tracking, which is
commonly used for technical analysis.


Data and others: for data transmission there are deployed more than 50 VLANs
that fulfil many goals (IP telephony, split departments, satisfy coach needs, etc.).
Other handled data comes from more than 60 PLCs (Power Line
Communicators) that allow managing and monitoring systems of illumination
and air-conditioning.

So, the idea is to perform a high-density wireless deployment on the Power8 stadium in
order to provide Internet connectivity to the spectators. In addition, the network
deployed could also support many other applications, depending on the club’s needs
(CCTV, HDTV, internal communications, etc.). In the following sections we are going
to study the requirements that our network deployment needs to satisfy and how it
would be executed.

4.3 Capacity design
In this section we are going to identify the maximum number of users that our service
must allocate and which are the key sections of the stadium that are critical for the
deployment. For this purpose, we are studying many attendance statistics and other
relevant facts that will determine the attendance in the following years.

4.3.1 Attendance statistics
In order to comprehend the attendance statistics shown below, here we list some key
facts that directly affect to the actual attendance:








RCDE has 35.770 members, from which 25.300 are subscribers, i.e. they can
attend to all the matches by paying their season pass.
Spain is still suffering an economic crisis and prices of tickets are really high in
comparison with other European leagues. In fact, it has been classified as the
most expensive league in Europe with an average of 53€ per ticket [43].
The last seasons RCDE has been offering some economic advantages to them
subscribers and also has stopped the price increase.
LFP (“Liga de Fútbol Profesional”) has recently changed the format of the
schedule of matches, which sometimes harms seriously the club in attendance
issues (some matches have been performed at 11:00 PM).
RCDE is following a trend since many years ago that prevents the club to be
more competitive in the competition. Debts have forced the club to sell their best
players and have also prevented to sign top players in some cases.
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The situation explained on the previous point seems to get better for the recent
future, such that the club expects to recover its financial situation and, thus forge
a solid sport proposal that attracts people to the stadium.
In addition, the Spanish government has approved a law for distributing the TV
rights more equally between the different clubs that compose the LFP. This
means that the club will receive a significant amount of money from next year,
and which may serve to increase the competitiveness of the workforce (signing
good football players implies that more people attends to the stadium for
watching them play).

Once we have seen the main facts that affect attendance, here we show a graph in which
it is shown the experienced attendance during this season (just for league matches):

Figure 34 Attendance statistics for the first 14 matches of 2014/15 campaign

As we can see, the average attendance during this campaign is 17.524, with a maximum
attendance of 22.722 and a minimum attendance of 12.600 spectators. Last season, the
average attendance was 19.632 spectators per match, which is really similar to the data
seen this year if we take into account that the most important matches have not been
done yet (more than 35.000 spectators attend to see FC Barcelona and Real Madrid).
Another important issue is that RCDE is located in the 14th position of the LFP
attendance ranking, which is not a good point for us.
In resume, by studying the attendance statistics and the key facts that affect them, we
can conclude that we need to perform a deployment by assuming an average attendance
of 22.000 spectators, as well as it is important to support peaks on the required data. In
addition, the deployment performed must be scalable, which means that capacity can be
increased easily.
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4.3.2 Expected capacity
With the evidences provided in the introduction and the expected average attendance to
Power8 Stadium, we can assume that the maximum penetration of the service is going
to be of about the 50% of the spectators, so we will have to design a network that is able
to allocate approximately 11.000 users. The following image shows how many seats are
in each area, which gives us a first idea about how many APs we should deploy per
zone:

Figure 35 Capacity per zone at Power8 stadium

Now, in order perform the APs deployment with more accuracy, we need to know how
many people use to attend to each of the mentioned areas. For that, we are analyzing the
attendance statistics in each area. In addition we will differentiate between different
types of users by using two different SSIDs (depending on the required level of service).
This means that some zones will enjoy greater throughputs.
VIP zones (SSID = RCDE VIP):
There are many VIP areas along the stadium that we need to focus on.
On the first hand we have the presidential VIP area, which includes
271 seats and a big room located on the second level stands. Figure 36
shows where the presidential tribune and the VIP room are located.
Furthermore, there are 56 little rooms along the stadium that are
intended to provide a high level of comfort to its customers. Thus,

Figure 36 Power8
Presidential VIP areas
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these VIP rooms have air conditioning, elevators, very comfortable seats, TV, phone
and catering services, and can allocate 12-20 people. The following images show an
example of the location of a VIP zone (seats and rooms). Note that VIP zones are
distributed along the ring between the first and the second level stands (marked in blue,
green and yellow on figure 38).
We assume that the presidential VIP zone and the rest of VIP areas have an average
attendance of 75% and 40%, respectively. As we cannot know which VIP rooms are
going to be filled along the season, we must provide Wi-Fi coverage to each one.

Figure 38 Power8 VIP area (zoomed)

Figure 37 Power8 VIP area (zoomed)

Custom zones (SSID = RCDE Fan): here is where the main deployment is going to be
performed. For that, it is very important to identify people’s concurrency in each area,
such that we can use the equipment efficiently and
always provide a good service. A fact that needs to be
taken into account is that each zone in the stadium is
filled in different ways. For that here we show the
attendance statistics of each zone (for the first and the
second level stands):

Figure 39 Power8 1st stands
tier

On the first level stands we note that lateral areas have
more attendance than corners (e.g. north stands have an
optimistic attendance average of about the 90%). In
addition, we see that there is a corner (South-East) that
does not count for us because there is where the fans of
the opposing team are placed. As those fans are not
interested in using most of the services that the club
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provides (merchandising, information of the team, etc.), we are not considering them as
potential users of our network.
On the third level stands we have noted that there is much less
attendance, especially in the corners, which are not covered
by the roof. In addition, here we find the presidential tribune
and the seats reserved for the press, which are going to be
treated differently. Note that the “Press” zone is not going to
be taken into account by now, as well as press is not included
in our market scope (they already have they own IT systems
to connect the Internet in order to do their job).
According to the previous information, here we show a table
that contains the maximum number of simultaneous users that
we expect to be in each of the stadium areas. We consider a
penetration usage of 50%, as well as not the all the spectators have a smartphone, will
connect to the network or will be connected at the same time.
Figure 40 Power8 3rd stands
tier

Custom
Capacity
(#Seats)

VIP
Capacity
(#Seats)

Custom/VIP
Attendance
(%)

VIP
users

Custom
users

North

5684

0

90 / -

0

2557

South
West
East
North
South
2nd Tier
West
East
North
South
3rd Tier
West
East
TOTAL
-

5684
3974
3974
0
0
0
0
1860
1860
1043
1740
25819

0
0
0
210*
210*
540*
540*
0
0
271
0
1771

70 / 70 / 80 / - / 40
- / 40
- / 40
- / 40
60 / 70 / 60 / 75
70 / 40
-

0
0
0
105
105
270
270
0
0
135
0
885

1989
1390
1589
0
0
0
0
669
781
376
730
10081

Area

1st

Tier

Table 11 Number of spectators at Power8 Stadium

*We are going to provide service to each VIP room as well as we cannot know which
rooms are going to be occupied along the season. So, in this case we are just taking into
account the 50% usage penetration.
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4.4 AP deployment
The most challenging issue in this project relies in this section, as well as high-density
wireless networks require that each user receives a reliable signal that can provide him
the required bandwidth. This is not easy from the point of view of capacity, as
interferences can make the project fail. For that, it is important to choose the equipment
accurately and to perform a study on the ideal locations of the access points.
So, in this section we are going to see what type of equipment better suits this specific
deployment, which options we have for installing and configuring the chosen equipment
and how many APs per zone are going to be deployed.

4.4.1 Bandwidth per user
As we saw on the previous section, we are going to offer two types of services: VIP and
custom. The main difference from our point of view is going to be the throughput
delivered to each type of user (it is possible that the club may offer different types of
advertisements for marketing purposes, but this is not our business right now). So,
according to the application requirements seen in section 2.1 Network Application
Requirements, we expect to deliver throughputs of 10 Mbps for VIP clients and 3 Mbps
for custom clients.
As we will see, the throughput that each client notices depends on the distance from the
AP, but in general this is not going to be a problem for our deployment, as well as APs
will be at a maximum of 50 meters from the user (typically, 10 meters). In the following
image we have calculated the throughput vs. the distance by taking into account some
basic path loss parameters and a simple 802.11ac configuration (without using multiple
antennas or other features seen in chapter 3. Wireless Technologies). As we can see, for
each channel width the throughput decreases exponentially as higher the distance is, but
we find reasonable data rates at less than 50 meters of distance.

Figure 41 Throughput vs distance in IEEE 802.11ac
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4.4.2 Access Points to be used
As we saw, high-density environments rely on two critical factors: capacity and
interference. This project intends to offer an innovative solution for a high-density
environment deployment, so here we will show some access points that implement
IEEE 802.11ac and that can be smartly configured in order to maximize the throughput
of the network by reducing interferences. One of the key issues is the usage of
narrowband antennas in order to focus on specific sectors and thus, reducing the
interference with all the other APs, so a mandatory constraint for the equipment that we
are looking for is that it allows transmitting the energy beam into specific directions.
Before planning how many APs per zone we need, we must choose the right equipment
for fulfilling the needs of each area. Below, we show some models of access points with
their main characteristics, which will let us discuss which candidates suit better our
goals (reliability and cost-effectiveness).

Model

Frequency
Band

Maximum
Physical
Rate

Integrated
antennas?

Price

UAP - AC
outdoor
Unifi 3x3

2,4 and 5
GHz

1300 Mbps

Yes

456,88€

Aruba 270
Series

2,4 and 5
GHz

1300 Mbps

Yes

1812,95€

Cisco
Meraki
MR72

2,4 and 5
GHz

1200 Mbps

No

1003€

2,4 and 5
GHz

1200 Mbps

Yes

1178€

2,4 and 5
GHz

1200 Mbps

Yes

1360€

ZoneFlex
T300 Series
ZoneFlex
T301 Series

Table 12 IEEE 802.11ac outdoor equipment

Image
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Before showing the final decision about the equipment to be installed we have to take
into account that IEEE 802.11ac cannot be implemented at all, as well as the highdensity environment deployment that we are proposing has some impediments. The first
one is that clients are not managed by us, which means that we can find many different
types of clients that do not support all the features that the wireless standard offers.
Some clients will allow using two spatial streams during the same communication
process, while many others will not, as well as they only have one Wi-Fi antenna. In
addition, distance between users and the AP is variable, which also reduces the overall
throughput of the network. Then, we can take benefit of MIMO technology by
transmitting information to several users at the same time, which is known as MUMIMO.
So, the equipment that better suits this specific deployment and we are going to use is
ZoneFlex T301 Series. This type of AP implements what Ruckus calls “Smart Wi-Fi”,
which is based in algorithms that select the better signal path for reaching each client
optimally. Thus, longer distances can be reached, interferences due by obstacles can be
reduced and RF beams can be focused into specific sectors. From the point of view of
the physical signal, Ruckus ZoneFlex T301 Series combine dynamic polarization
diversity with adaptive antenna arrays, which reduces the polarization loss factor and
allows connecting to many types of clients by being reliable. The following list
summarizes the most important benefits that ZoneFlex T301 Series can provide to our
network, and which make them differentiate from the other products in the market:











Implements IEEE 802.11ac
Operates at 2,4 and 5 GHz bands
Maximum data rates of 1200 Mbps
Allows using 120º and 30º antennas
Allows PoE/PoE+ (802.3af/at)
Simultaneous dual-band operation with 2x2 MIMO technology for each band
and 2 spatial streams
Maximum capacity of 500 users per AP
Allows beamforming
Dynamic polarization feature
Adaptive antenna array feature

In summary, we selected ZoneFlex T301 Series because it provides a really accurate
solution for performing the stadium deployment, such that we solve the two main
challenges on a high-density environment:
Capacity: MU-MIMO technologies and the usage of the 5 GHz band are key issues for
solving the problem of capacity.
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Interferences: the possibility of focusing the beams of energy into the desired sectors
by using beamforming and directive antennas is the key for performing a good
frequency planning that would solve the interferences problem.
In addition, for some specific cases, we are going to use few ZoneFlex T300 Series
access points, which have almost the same characteristics than ZoneFlex T301 Series,
with the main difference of the omnidirectional antennas usage. Then, we will use this
equipment for providing wireless coverage to the VIP rooms of the stadium, as well as
we have much few users on those zones and signal propagation can be performed
omnidirectionally.
The last point before deciding how to use the models chosen is to realize on the
maximum data rates that we can achieve by using 20, 40 and 80 MHz channels:
Channel
Width (MHz)
80
40
20

Radio Chains/
Streams
2x2:2
2x2:2
2x2:2

Modulation,
Coding rate
256-QAM, 5/6
256-QAM, 5/6
256-QAM, 5/6

Rate (Mbps)
1200
433
216

Table 13 Rates per channel width

4.4.3 Access Points installation
Once we have seen the zones to be covered, the
number of spectators, the demands of each type of
spectator and the equipment that we can use, it is the
moment to decide how and where to deploy the APs.
In particular, we have 3 different situations at which
we can install the equipment.




Side mode: this type of deployment implies
putting the AP in one side of the stand in order to
cover a specific area of seats. This is a good
approach for the seats that are close from the AP
location, as well as the equipment is easy to
install and to maintain. The main drawback of
side mode is about reaching the last rows of seats
that are often on the edge of the cell and which
are more susceptible to interferences.
Overhead mode: line of sight is very accurate in
this type of deployments, but a skywalk or
another similar structure is needed. A handicap to

Figure 42 Side mode

Figure 43 Overhead mode
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take into account is the distance at which the AP is located from the stands, which
could be a problem for the path loss.
Floor mode: another technique for AP
deployment is to put the equipment under the
stands in order to provide wireless coverage to the
zone that is above it. With floor mode, coverage
areas can be better controlled, but the attenuation
of the signal uses to be high due to the
impediments between the users and the AP.
Figure 44 Floor mode

The following image shows a summary of the previously modes to install an AP seen:

Figure 45 AP installation modes

Frequency reuse
Once we saw how many APs must be deployed and the way we have to do it, we need
to define some channel planning rules in order to avoid interferences and for reusing the
available frequencies in the most efficient way. Although channels could be
automatically set, implementing channel planning rules would let to achieve a better
performance. Before showing which channels are going to be used in each part of the
stadium, we must realize that in the 5 GHz band we have nineteen 20 MHz channels,
nine 40 MHz channels or four 80 MHz channels (we introduced it on section 3.3.2
OFDM). In the particular case of the stadium we are going to use 20 MHz channels
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because interferences can be managed better and most of the client devices do not
support 40 MHz communications.
Figure 46 shows the 5 GHz lower
band, which is composed by 8
channels. As we can see, they are
all non-overlapping channels, but
in
the
deployment
it
is
recommended to use frequency
reuse by assigning the channels as
separated as possible, in order to
minimize the interferences.

Figure 46 5 GHz lower band

Figure 47 Frequency reuse example

A practical example of frequency reuse for the channels on the 5 GHz lower band is
shown above. Note that consecutive channels are not placed next to each other, as well
as we must maximize the distance between reused frequencies for avoiding the
interference that it may generate. Now, we are able to choose which channels are going
to be used in each access point of the stadium. In most of the cases we will use 20 MHz
channels, but we will assign two channels to each AP for performing channel bonding
when necessary. The following image shows how frequency reuse must be performed in
the 5 GHz band:
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Figure 48 Frequency reuse with cannel bonding

In the previous images we saw how to apply channel bonding and frequency reuse, but
let’s see how all this suit to the stadium deployment:

Figure 49 Frequency reuse at Power8 Stadium

The image above shows some examples of applying the concepts previously seen at
some zones of the stadium. Note that each cell has two channel assigned in case of
performing channel bonding and, thus using 40 MHz width channels. For instance,
yellow areas have channels 60 and 64 assigned, but in regular conditions only the first
channel is going to be used. In case of needing more bandwidth (matches at which
attendance increases considerably) channel bonding would be applied in order to use the
combination of both channels. Another characteristic of the deployment is that the
densest areas will have smaller cells, which require installing more APs, while the most
scattered areas will have bigger cells.
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Figure 50 AP installation in Power8 Stadium

As we said, seats will receive wireless coverage in different ways, depending on its
location. The pattern to be followed for installing the APs on each type of places is
shown below:





Seats closer to the ground → floor mode
Seats closer to the corridors → side mode
Middle seats → overhead mode
VIP rooms and adjacent seats → side mode

Now, in order to focus on the MU-MIMO concept, let’s see a specific example about
how it could be applied in a specific sector. Suppose users A and B are located on the
same sector that a specific AP provides wireless coverage. By using MU-MIMO
antennas it is possible to transmit information to both users at the same time and by
using the same frequency. In this specific scenario antenna A transmits data to user A
and antenna B to user B. This is possible due to signal cancellation techniques that
allow each station to receive the right data. In addition, beamforming can be applied for
completing MU-MIMO, which will make users enjoy better signal gains and thus, have
a greater user experience, as well as interferences can be reduced.
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Figure 51 MU-MIMO user beamforming

4.4.4 Service Differentiation
As we saw on the previous section there are many different areas along the stadium that
require different solutions for providing an accurate level of service. For instance, the
VIP rooms need to allocate more bandwidth per user due to their requirements and the
willingness of the club for providing it (as VIP customers pay more, a better service
must be delivered to them).
VIP Service
We have to provide access to a maximum of 885 concurrent VIP users, from which 750
will be located on the VIP rooms that surround the tier between the first and the second
stands. As we decided to install ZoneFlex T300 Series with omnidirectional antennas,
we are going to deploy 34 access points of this type along the VIP rooms, which are
delivering a maximum data rate of 216 Mbps each one when using 20 MHz channels,
2x2 MU-MIMO and 2 spatial streams. This means that each user will enjoy data rates of
about 9.8 Mbps, in average.
The other 135 VIP users are located on the presidential tribune, which means that we
need to deploy equipment that has directional antennas. For delivering the VIP service
to that sector we are going to need to deploy 6 ZoneFlex T301 Series, which means
that each user will enjoy data rates of about 9.6 Mbps, as well as we use 20 MHz
channels, 2x2 MU-MIMO and 2 spatial streams. All these VIP users will connect to the
network by using a special SSID.
Custom Service
On the other hand we have to provide the custom service to a maximum of 10.081
concurrent users, which are distributed throughout the stadium. We previously saw the
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most concurrent areas, but by now we are just interested in knowing the total number of
AP that we need. As all the areas that need custom service are on the outdoor, we will
use 140 ZoneFlex T301 Series, which supposes delivering data rates of about 3 Mbps
to each user. Those rates can be easily increased, as well as each AP has two 20 MHz
channels awarded. At the moment that 20 MHz channels are not enough, we can easily
perform channel bonding for using 40 MHz channels. The main drawback is that
interferences will increase, but them are not supposed to be a big trouble, as well as
frequency reuse attempts to prevent that. Using 40 MHz channels would let to be able to
provide up to 63 Gbps, which means delivering 3 Mbps to 21.000 custom users.
All this can be summed up on deploying 34 ZoneFlex T300 Series and 146 ZoneFlex
T301 Series for supporting all the required traffic.

4.4.5 Bill of Materials
Below, we show a table with the materials used on the AP deployment per zone:

Tier

Focusing
areas
North
West

1
East
South

2

North
West
East
South
North
West

3
East
South

AP mounting modes

Number of
ZoneFlex
T300 Series

Number of
ZoneFlex
T301 Series

0

34

0

18

0

21

0

26

4
13
13
4

0
0
0
0

0

10

0

6

0

9

0

11

Side mode, overhead mode
and floor mode
Side mode, overhead mode
and floor mode
Side mode, overhead mode
and floor mode
Side mode, overhead mode
and floor mode
Side mode
Side mode
Side mode
Side mode
Side mode, overhead mode
and floor mode
Side mode, overhead mode
and floor mode
Side mode, overhead mode
and floor mode
Side mode, overhead mode
and floor mode
Table 14 BoM for the AP deployment
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4.5 Backbone deployment
In order to interconnect all the equipment (APs, authentication servers, content servers,
etc.) we need to establish how the wired deployment is going to be. As we saw in
section 2.3 Network Architectures, optical fiber is a very powerful tool that allows
performing broadband connections in a very efficient way, as well as it is possible to
establish passive optical networks that provide several benefits (broadband connections,
no electricity is spent, economic materials, more security, etc.). In our case we will use
GPON as a tool for interconnecting all the access points with the backbone, so here we
are explaining how connections must be done and which elements are required.
Access Network
The data exchanged with the core of the network needs to be distributed among all the
stadium by using optical fiber, so here we are showing how this process is going to be
carried out. Later (in section 4.6 Head End) we are going to see the OLT used in more
detail, but the following image shows a schematic diagram with the deployed OLT and
its PON trees:

Figure 52 PON diagram

As we saw on the previous image, the OLT distributes the data through its ports, such
that we can split the outgoing streams of data into a maximum of 64 users per port. In
our case we will use four 1x32 and four 1x16 optical splitters, such that we can connect
the 180 deployed access points. For connecting all the outdoor equipment with the
DPC, we are going to need to use ducts. Fortunately, the Power8 Stadium has many
installed ducts around the entire stadium, which contain the current infrastructure. Thus,
the optical fiber and the electrical cables that compose the access layer are going to be
installed on those ducts:
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Figure 53 Power8 Stadium ducts

The possibility to deploy our cables on an existing duct facilitates the workload a lot, as
well as ducts usually represent one of the most challenging issues in network
deployments from the economical and design points of view. But what we need to take
into account is the way that fibers are going to be delivered to all the access points,
which requires calculating the length of the cables needed, the number of fibers per
cable, where optic splicing is performed, etc.
The first thing we must define is the number of cables that start from the OLT and
where do we bring them. We previously saw that we need to distribute 180 fibers
throughout the stadium (1 per AP), so we must take into account which fibers go to
which place. Note that splitting from the OLT is going to be performed on the DPC.
As the first and the third tiers of the stadium allocate the most number of deployed
access points, we are going to need to bring much more fibers on that part than in the
other parts of the stadium. On the second tier we have installed 75 APs, so we need to
bring 75 fibers, which can be done with two cables of 48 fibers. Leftover fibers can be
reserved for the future (in case of ruptures or expansions). This approach can also
applied for the first and the third tiers, which are going to need one and two cables of 48
fibers, respectively (which correspond to the 16 and 67 fibers that must be delivered in
each tier). In the following image it is shown how cables containing fibers are
distributed from the DPC to the different layers on the stadium. Note that we are using
current stadium’s infrastructure for pushing the cables, which reduces considerably the
project’s complexity.
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Figure 54 Fibers Distribution over the main ducts

So, in order to cover the entire stadium we are going to need to surround the stadium
with 3 levels of cables containing fiber, which means deploying 1220 meters of cable.
Once we saw the cables distribution
design, we need to define the key points at
the stadium where fiber segregation is
going to be performed (which means
separating fibers from a cable that contains
many fibers). In principle, we are going to
perform this action twice per 48-fiber
cable, so we will do it 10 times, as well as
Figure 55 Optic fiber segregation

APs are relatively close from each other.
Figure 55 illustrates how fibers are segregated and reserved in each box, such that we
can distribute all the fibers properly.
Outdoor Equipment
Once we reach the access points with the optical fiber by using the explained
techniques, we must take into account how perform an optical to electrical conversion
and how power supply is going to be done on the different access points. For that, we
decided to use PoE as mechanism for providing the required electrical power and ONTs
(Optical Network Terminal) for performing the optical to electrical conversion. So,
what we are going to do is to install many ONTs and one PoE injector per AP, such that
we can take benefit of the large ranges that optical fiber allows whilst supporting
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broadband connections. The following image shows how all this is going to be applied
for a specific wireless access point:

Figure 56 OLT – Access Point connection

As previously seen, the OLT is connected to several
PON trees, from which its endpoints allocate an access
point. Between them we have to install an ONT and a
PoE injector, which will perform the optical to
electrical transformation and will provide power
supply to the active equipment. In addition, it is
possible to interconnect many APs to the same ONT,
depending on the chosen model, as well as there
usually provide more than one Ethernet connection
(them typically allow connecting up to 4 access
points).

Figure 57 ME4601-ONT-SFU

The outdoor ONTs that we are going to use on this
deployment are ME4601-ONT-SFU, by Cisco. The main
characteristic of this model of ONT is that allows
connecting 1 device via Ethernet, which means that we are
going to need 180 ME4601-ONT-SFU for providing
service to 180 access points.
On the other hand, we will use the TP-LINK TLPoE150S PoE injectors for providing PoE to the APs. Its
cost is 17€ per unit, and we are going to need one unit per
deployed access point.

Figure 58 TP-LINK TLPoE150S

The ONTs and the PoE injectors are going to be located on many cabinets in order to
protect them from the weather. So, the backbone is going to be composed by the
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elements between the OLT (head end) and the access points (access layer). The
following image shows a schematic drawing of the backbone deployment:

Figure 59 Backbone Network

4.5.1 Bill of Materials
Below, we show a table with the materials used on the backbone deployment per zone*:
Tier

1

2

3

Equipment
48x optical fiber cable
Segregation box
1x32 Optical splitter
1x16 Optical splitter
ME4601-ONT-SFU
TP-LINK TL-PoE150S
Outdoor cabinet
48x optical fiber cable
Segregation box
1x32 Optical splitter
1x16 Optical splitter
ME4601-ONT-SFU
TP-LINK TL-PoE150S
Outdoor cabinet
48x optical fiber cable
Segregation box
1x32 Optical splitter
1x16 Optical splitter
ME4601-ONT-SFU
TP-LINK TL-PoE150S
Outdoor cabinet
Table 15 BoM for the backbone deployment

Amount
400 m
4u
2u
1u
99 u
99 u
10 u
400 m
2u
0u
2u
45 u
45 u
5u
400 m
4u
2u
1u
36 u
36 u
4u
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*Note that here it is considered the equipment for fulfilling the needs of each area, but
we do not take into account where the APs are located (it is possible to have several
access points installed on the skywalk)

4.6 Head end
In this section we will talk about the centralized equipment that must be installed for the
management and operation of the built wireless network. Before, we solved the access
and distribution layers problem, but now we have to delve into the core intelligence of
the network. For that, we have to think about the equipment that is going to perform
routing, authentication, security and management functionalities.
Backbone and Routing
As we are going to deliver a huge amount of traffic during short periods of times, we
need to take care about how we exchange the data with the Internet. Before planning
how routing must be performed, we must realize on the amount of data that is going to
be exchanged. For that, we must calculate the peak data rate that the network is going to
notice, which is obtained from the maximum number of concurrent users and them
maximum allowed bandwidth. Previously, we saw that we are going to find a maximum
of 885 VIP users and 10.081 custom users, which means that we should be able to
deliver 885 x 10 Mbps + 10.081 x 3 Mbps = 39 Gbps. But that is not realistic, as well as
it is very unlikely that all the concurrent users are using the maximum allowed
bandwidth. So, in order to provide the necessary bandwidth to the whole network we
are going to implement a 1/2 factor, which means that we need a total bandwidth of
19.5 Gbps for fulfilling our purposes. For that, we have chosen the SRX5400 gateway
by Juniper, which is considered a high reliable equipment that provides several gateway
functionalities. With that, we will be able to exchange information with the Internet in a
secure way, as well as its firewall performance reaches up to 65 Gbps. Its price is
around 10.000€.

Figure 60 SRX5400 Juniper Gateway
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By deploying this equipment, we ensure to be able to give response to higher bandwidth
demands if needed on the future (note that more and more applications rely on
communications for providing a higher computation power by using servers in the
cloud).
Optical Line Termination
On the first hand, we must define the core of the distribution network, which is the OLT
(Optical Line Termination). The OLT is the active equipment that will allow us to
connect all the AP on the stadium by deploying PON trees, as well as it performs
electrical to optical conversion before reaching the access layer. In addition, the OLT
also manages the way the data is sent to the ONTs by implementing the GPON
standard.
For deploying the PON trees we are going to need optical splitters that distribute the
information delivered from each OLT port to the different APs. In our case we have 180
APs, so we are going to need an OLT with 8 ports and some different optical splitters
(1x16 and 1x32). Note that we could have chosen an OLT of 32 or 64 ports, but that
would not be efficient, as well as them provide much more capacity that we do not need
for this specific project.
The OLT is the active equipment that will allow us to connect all the AP on the stadium
by deploying PON trees. The OLT that we have chosen for this deployment is CISCO
ME 4601 OLT, which costs around 6.000€.

Figure 61 ME 4601 OLT

Network Management
In order to manage all the deployed access points we need centralized equipment that
performs several functionalities. For that, we are going to use ZoneDirector 300, which
is a centrally management equipment that provides APs management (SSID and
channel assignation, QoS, limiting the number of users per AP, etc.) and user
authentication (802.1x, RADIUS and captive portal).
On the first hand, this equipment includes mechanisms for automatically discover all the
ZoneFlex access points and for assigning IPs dynamically due to its integrated DCHP
server. The ZoneDirector 300 model can be connected to up to 500 ZoneFlex access
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points and supports up to 10.000 clients. On the other hand, for implementing
authentication in a secure way, ZoneDirector 3000 includes an internal authentication
database that performs 802.1x communication and LDAP-based captive portal
functionalities. When a user connects to the WLAN, ZoneDirector redirects them to the
captive portal for first-time authentication. Then, the user is going to be identified in
each point of the network that uses the same SSID due to centralized authentication and
authorization. If necessary, there is the possibility to connect ZoneDirector to an
external authentication database.
The price of ZoneDirector 3000 is approximately 13.488€.

Figure 62 ZoneDirector 3000

4.6.1 Bill of Materials
Below, we show a table with the materials used on the head end:
Equipment
SRX5400 Juniper Gateway
ME 4601 OLT
ZoneDirector 3000
42U 19" rack
Table 16 BoM for the head end

Amount
1u
1u
1u
1u
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4.7 Network overview
Once we have seen all the components of the network, here we show a diagram of the
entire designed infrastructure:

Figure 63 Network draw

In order to provide more information on the deployed equipment, here we show a more
schematic drawing of the entire network:

Figure 64 Network equipment
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4.8 Budget
In this section we provide all the necessary data that will lead to perform the economical
budget of the network designed, such that we can get an idea about the cost that
supposes a high-density network deployment of such magnitude. The following list
contains all the materials that are expected to be used and the total cost for purchasing
them:
Equipment
Backbone
48x optical fiber cable
Splice box
1x32 Optical splitter
1x16 Optical splitter
ME4601-ONT-SFU
TP-LINK TL-PoE150S
Outdoor cabinet
TOTAL Backbone
Access Points
ZoneFlex T300
ZoneFlex T301
TOTAL Access Points
Head end
SRX5400 Juniper
Gateway
ME 4601 OLT
ZoneDirector 3000
42U 19" rack
TOTAL Head End
TOTAL

Unitary price
(units or m)

Quantity

Total Price

1,30 €
60,00 €
50,00 €
30,00 €
80,00 €
17,00 €
30,00 €

1.220 m
8u
4u
4u
180 u
180 u
19 u

1.585 €
480,00 €
200,00 €
120,00 €
14.400,00 €
3.060,00 €
570,00 €
20.415 €

1.178,00 €
1.360,00 €

45 u
135 u

53.010,00 €
183.600,00 €
236.610,00 €

10.000,00 €

1u

6.000,00 €
13.488,00 €
600,00 €

1u
1u
1u

10.000,00 €
6.000,00 €
13.488,00 €
238,54 €
29.726,54 €
286.752€

Table 17 Equipment Budget

So, the elements of the network designed have an overall cost of 286.752 €, to which we
should add the installation costs (fiber splicing, AP mounting, etc.). As we previously
saw, ducts are already installed on the stadium, so most of the installation work could be
avoided. The following table shows the needed budget for performing the installation
and configuration of the network:
Workforce
Spreading grabbed cable
Splice box mounting
Optical fiber splicing

Unitary price
(units or m)
2€
30 €
8€

Quantity

Total Price

1.220 m
8u
180 u

2.440 €
280 €
1.440 €

Francesc Wilhelmi Roca 88
Design of Cost-Effective Wireless Networks in High-Density Enclosures

AP installation
Head end installation
Commission and
network provision
TOTAL

60 €
1.800 €
6.000 €

376 u
1u
1u

22.580 €
1.800 €
6.000 €
34.560€

Table 18 Workforce table

So, in order to acquire the equipment and install it for putting the network into
operation, we need an approximate budget of 321.312 €, which supposes an investment
of 32,13 € per user. Regard that in this case we have deployed a network just for
providing Internet service to the spectators, but it could be used for other many
purposes, as well as we are able to manage greater amount of data rates with the current
infrastructure.
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5. Conclusions
Communications are moving towards wireless technologies, especially in the last
segment of the network (interaction with the end user). Thus, bandwidth requirements
are getting higher, and our daily patterns are also changing depending on the availability
of high-speed access networks.
To face all those facts, wireless networks are evolving fast, taking into consideration
that the spectrum is a limited asset and the current infrastructures cannot support the
required bandwidths. For that, we saw many technologies that would solve this
problematic in a cost-effective way and that could suit many different situations. In
order to get more specific, we have devised a high-density network design for a real
facility, which was a soccer stadium. That has helped us to understand the challenges
provided by a deployment of such magnitude, so it was a good practice for being able to
face much more types of smaller deployments. From this project we learned that:







The world is undergoing a second change due to telecommunications, such that
there is the need to perform high-density wireless deployments
IEEE 802.11 standards allow us covering many high-density deployments cases
It is important to have broadband backbone technologies for supporting all the
wireless data
High-density networks have two main problems that must be faced:
interferences and capacity
MIMO and MU-MIMO technologies are the key for high-density deployments
More and more enterprises offer new technologies for massive wireless
deployments, and which aim to revolutionize the way of transmitting data

Also, optical backbones are emerging as key technologies to guarantee proper network
performance. Many times, optical infrastructure tends to be underestimated, but in
reality, it plays a crucial role to guarantee that services work as expected.
At present, the lower costs of PON technologies are making them very interesting for all
kind of applications, not just access networks. Passive LANs are a good example of
using PONs inside the building. Thus, in this project we learned that:




Optical backhaul play a crucial role in fixed-mobile convergence
Traffic-offload of mobile traffic is key to guarantee high bandwidth to the end
users
PON technologies offer good value-for-money for the deployment of optical
backbones for mobile and wireless networks
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Under my personal experience, this thesis has been helpful for acquiring a certain level
of networks deployments (from the technical and the business points of view) and for
improving my English and research skills. In addition, it was really useful for putting in
practice some Project Management tools. For that, here we show a Lessons Learned in
order to summarize what went wrong and what went well.

5.1 Lessons Learned
Stop Doing
 Under estimating tasks, such that the project scope was much higher at the
beginning of the project
 Planning unrealistic deadlines, which made that them were not meet
 Starting the project without having clearly defined ideas
Continue Doing
 Applying my tutor’s advices during the development of the project, which have
helped me a lot for conducting this project and for having clearly defined ideas
 Talking with all the stakeholders in order to comprehend their needs
 Performing an exhaustive on-site analysis before designing the network
 Comparing several types of equipment and analyze which one better suits our
use case
 Still working in English
Start Doing
 Creating a strict schedule to be followed up during all the project
 Performing an in-depth analysis of the task to be performed and evaluating them
precisely for a better workload estimation
 Introducing more project management tools and best-practices for the project
development
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