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Summary

Network densi�cation is the evolutionary process that contributed the most
during the last decades to allow radio access networks (RANs) cope with the ex-
ponential growth in tra�c and number of users. Network densi�cation consists in
a signi�cant increase in the number of base stations (BSs) that o�er service over
a given area. This implies a progressive reduction of the area of cells, leading to
the concept of small cells (SCs), and possibly to the coexistence of overlapping
layers of BSs with large coverage (macro BSs) and SC BSs. Expectations for the
deployment of SC BSs were extremely high, but in practice deployment has been
limited because of cost and practical di�culties in identifying and instrumenting
SC BS sites. In addition, the intrinsic variability in time and space of the tra�c
demand in a RAN creates tra�c peaks that move during time, thus making the
utilization of SC BSs high only for possibly short periods.

To improve SC BS deployment cost and utilization, in this dissertation we advo-
cate the introduction of mobile SC BSs carried by vehicles, exploiting the correlation
between density of vehicles and peaks of data tra�c, and we quantify the bene�ts
of the proposed approach.

After discussing the issues related to the evolution of RAN architectures in the
last decades (Chapter 1), we discuss in some detail the opportunities and challenges
inherent in RAN densi�cation exploiting SC BSs on vehicles (Chapter 2). Next, we
exploit available real data to quantify the correlation in time and space between
vehicular tra�c and data tra�c in cellular networks (Chapter 3). Our results in-
dicate that correlation exists, as expected, even if the available data for vehicular
tra�c mostly refer to commercial vehicles, that correspond to a small fraction of
vehicles on the road, and may not be fully representative of the density of vehicles
on the streets of a large metropolitan area. For example, we observe high values
of vehicular tra�c early in the morning, when many van deliveries occur, and less
tra�c in the typical rush hours of employees and students. Nevertheless, correla-
tions tend to be higher in dense urban areas and during high-demand time periods,
where and when RAN densi�cation is most needed.

After this preliminary study, we delve into the analysis of the performance of a
RAN exploiting SC BSs carried by vehicles. We �rst study the achievable through-
put and fairness in some areas of the city of Milan, Italy (Chapter 4), comparing
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the maximum throughput that can be obtained with traditional �xed macro and
SC BSs to the one achieved with the same �xed macro BSs complemented with
mobile small cell base stations. We perform our analysis at di�erent times of the
day, using real data for both telecom and vehicular tra�c. As an example, study-
ing the main railway station area in Milan, Italy, we see that the use of mobile SC
BSs achieves throughput gains up to 120% over �xed access infrastructures with
only macro BSs, and equivalent throughput to the deployment of �xed SC BSs. In
addition to the computation of the maximum achievable RAN throughput, we also
look at the throughput that maximizes the end user proportional fairness.

The next step of our analysis looks at the issues posed by the wireless backhaul
connection from mobile SC BSs to the �xed part of the RAN, which is possibly
one of the most delicate issues in RAN architectures exploiting mobile SC BSs.
While in the initial throughput analysis we assumed the availability of an ideal
link between mobile SC BSs and the macro BS (i.e., a link with unconstrained
bandwidth, and no interference with transmissions to/from end users, which could
correspond to a millimeter wave connection between mobile SC BSs and macro
BS), in this re�ned analysis we look at simpler technologies for the implementation
of the wireless backhaul link. In particular, we look at two alternatives.

1. Out-band backhaul: The link between macro BSs and mobile SC BSs exploits
a dedicated bandwidth (or dedicated time slots), di�erent from the one used
to connect end users to either mobile SC BSs or macro BSs, so that backhaul
transmissions do not interfere with transmissions to/from end users.

2. In-band backhaul: The link between macro BSs and mobile SC BSs exploits
the same bandwidth and time slots as transmissions to/from end users. This
means that backhaul transmissions and transmissions to/from end users can
interfere with each other.

The resulting throughput values (presented in Chapter 5) are lower than in the
ideal case, as expected, but comparable to the ones obtained with �xed SC BSs,
thus proving that the option o�ered by the exploitation of mobile SC BSs can be
an interesting approach for RAN densi�cation with high e�ciency at reduced cost.
Finally, we summarize our �ndings and discuss a number of possible directions for
further steps in this research topic (Chapter 6).
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Chapter 1

Introduction

1.1 RAN Evolution
The Radio Access Network (RAN) is the pivotal part of a telecommunication

network that serves mobile users (also called a mobile network - MONET). RANs
exist since the advent of mobile networks and cellular technology, and they im-
plement the connection between end user equipment (UEs) and the core of the
telecommunication network. The key RAN elements comprise UEs and base sta-
tions (BSs) with their antennas and transmission/reception equipment.

RANs have evolved dramatically over the years, with the introduction of new
generations of mobile networks. In the early days, RANs were just high-power BSs
covering an entire city area, with no need for handover procedures, because there
was no continuity between areas covered by di�erent BSs. With the advent of
each new mobile network generation, the RAN architecture and functionality have
advanced and evolved substantially. When digital mobile networks and 2G were
introduced, the RAN became the key part of a mobile digital network, and this
continued with successive generations and will be true with 5G as well. Each new
mobile network generation adds innovative functions to the RAN, aiming to meet
the new upcoming demands and to support new applications1.

With the introduction of 2G (normally known as GSM � Global System for Mo-
bile Communications), data transfer in the RAN went from analog to digital, and
with the arrival of 3G (also known as UMTS � Universal Mobile Telecommunica-
tion System) the �rst packet-switched data transfers appeared, in order to support
higher data rates. While in 2G the access to the available spectrum resources was
based on time and frequency division, in 3G, the code division approach o�ered
higher spectral e�ciency, leading to improved data rates [1]. A general rendering
of the evolution of wireless technologies is presented in Figure 1.1.

1https://www.sdxcentral.com/5g/de�nitions/Radio access network
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Introduction

Figure 1.1: Wireless Generations Evolution [1]

Data transfer became fully IP-based in 4G, or LTE (the Long-Term Evolution
of UMTS) in which transmissions on the radio interface became packet-based, and
mobile networks became heterogeneous, in terms of cell sizes, cell layouts, and
radio access technologies (RATs). The advent of 5G brings many new features to
the RAN, from a new radio transmission interface to software-de�ned networking
(SDN) and network function virtualization (NFV). The 5G architecture is based
on a variety of cells with di�erent coverage areas: macro, micro, pico, femto cells,
possibly complemented by relays that improve the coverage quality at cell borders,
and possibly exploiting di�erent RATs.

This is coherent with the heterogeneous network concept (HetNet). A HetNet
including cells of di�erent reach and various technologies o�ers several bene�ts in
comparison with a traditional homogeneous wireless network, such as higher re-
liability, increased spectrum e�ciency and improved coverage. Better reliability
is achieved because when one of the RATs in the HetNet su�ers a fault, connec-
tions can still survive over another RAT. Spectrum e�ciency and coverage can also
improve by using a variety of RATs.

While the ever increasing number of users and the exploding growth of tra�c
demand are the obvious key drivers for the introduction of 5G, several other moti-
vations exist: the need for higher capacity, the call for new services, the desire for
improved data rates, the requirement of reduced latency, the need for lower cost,
and the request for higher QoS levels.
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1.1 � RAN Evolution

1.1.1 Emerging Technologies in 5G
The main emerging technologies that will become part of a 5G RAN, include

the followings [5].

A new radio interface, comprising novel transmission waveforms and multiple ac-
cess approaches, multi-antenna and multi-node transmissions, involving dif-
ferent types of transmission/ reception technologies (e.g., multi-hop), as well
as new radio resource management procedures.

Massive Machine Communications (MMC) for the implementation of the Internet
of things (IoT).

Ultra-dense networks, which result from the network densi�cation process that
allowed the boost of the network capacity and energy e�ciency and can be
instrumental in the reduction of latency. We will return to the network den-
si�cation aspect in the next chapter.

Massive MIMO technologies, that are instrumental in countering fading, with
bene�cial e�ects also on latency [6].

Interference management technologies, that allow universal reuse of frequencies,
even in complex heterogeneous cell layouts. Two types of interference man-
agement will be exploited in 5G [7]:

1) Advanced receiver interference management technique. The advanced in-
terference management technique at the receiver can limit the impact of in-
terference by attempting to decode the interfering signal, and successively
subtracting it from the received signal, thus producing a cleaner version of
the useful signal [7].

2) Joint scheduling and interference management technique. The joint schedul-
ing and interference management technique tries to reduce interference by
scheduling the transmissions of possibly interfering signal sources in appro-
priate time slots.

Spectrum Sharing, which allows a higher e�ciency in the utilization of the avail-
able spectrum. Of the two main possible spectrum sharing approaches, cen-
tralized and distributed, the distributed ones act more e�ciently [7].

Device to Device (D2D) communications for the direct interconnection of devices
in proximity of each other, without (or with marginal) involvement of the
RAN infrastructure [8]. These are particularly useful over congested RAN
areas or at the cell edge, where the BS signal is weak. Through D2D, an ad
hoc network is created, and devices are able to directly communicate with
each other. When this happens, the BS can control the resource allocation
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fully or partially, or it may not have any control. Therefore, we can classify
D2D communications into four main groups. Figure 1.2 illustrates such a
classi�cation.
1) Device relaying with BS-controlled link formation; this type of communi-
cation is usually bene�cial for a device that is located at the cell edge and
that therefore has weak signal. In this scenario, the devices are communicat-
ing through other devices. This communication scenario helps the device to
reach a better quality of service and simultaneously it increases the battery
life. For control link formation the BS is in active communication with the
relays [8].
2) Direct Device to Device communication with BS-controlled link formation;
in this type of communication the devices are transferring data between each
other without the involvement of a BS, but for the link formation they are
supported by the macro BS [8].
3) Device relaying with device-controlled link formation; in this scenario,
the devices are communicating through other devices and link formation is
managed by devices [8].
4) Direct Device to Device communication with device-controlled link forma-
tion; in this sort of communication, devices communicate directly with each
other and the link formation is self-controlled without participation of any BS.
So, the whole spectrum that is available should be employed by the source
and destination devices to create the least interference with other devices [8].

Ultra-Dense Networks, which are necessary to satisfy the ever-growing tra�c de-
mand. In order to reach ultra-dense layouts, HetNets or heterogeneous net-
works are key factors. With HetNets, RANs will be more dynamic and �ex-
ible, but the emergence of ultra-dense networks will generate new challenges
of interference, backhauling and mobility. To overcome the mentioned chal-
lenges and issues a new network layer is required, and interference reduction
techniques should be more dynamic and �exible and open to changes and
variations [1].

Millimeter waves, that represent one of the most innovative aspects of 5G cellular
networks, and in general a new frontier for the wireless industry [1],[9]. Mil-
limeter waves are expected to allow operators to cope with the huge tra�c
growth expected in coming years, and to o�er multi-giga bit per second data
rates to end users.

1.1.2 5G Wireless Future
Now we consider in more details the characteristics of the mmwave technology,

which is a key component of the study we conduct in chapter 4, where we assume
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(a) (b)

(c) (d)

Figure 1.2: Device to Device communication description. Plot (a) refers to de-
vice relaying communication with base station controlled link formation, plot (b)
refers to direct device to device communication with base station controlled link
formation, plot(c) refers to device relaying communication with device controlled
link formation, plot (d) refers to direct device to device communication with device
controlled link formation [8].

to be able to exploit mmwaves for backhaul connections.
The adoption of millimeter waves in the range from 10 to 100 GHz for wireless
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communications requires large gain steerable antennas, massive MIMO and adapt-
able beamforming, as well as components that can work e�ciently in mmwave
frequency band [10-12]. The use of mmwave carrier frequencies, and the conse-
quent wider bandwidth allotments permit very high data rates, as well as higher
numbers of users and reduced latency. The bandwidth increase will be instrumental
for serving densely populated areas with much better QoS with respect to the cur-
rent 4G networks. One of the weak points of mmwaves is the higher attenuation in
their propagation through air, and especially through materials due to obstructions
along the path between transmitter and receiver. Because of this, the distance be-
tween mmwave terminals and BSs must be kept small. In this dissertation, where
mmwaves are used to connect small cell BSs to macro BSs through a wireless back-
haul connection, the distance between the small cell BS and the macro BS must
be short. As a result, a denser deployment of BSs on the service area must be
implemented.

The most important propagation concerns with regard to millimeter wave prop-
agation for 5G cellular communications are:

1) Path Loss, the path loss in free space depends on the frequency of the
carrier. It goes from 0.06 dB/km at 18 GHz to 7.5 dB/km at 73 GHz.

2) Blocking, millimeter wave signals are susceptible to blocking due to ob-
structions. The attenuation due to obstruction depends on material. Typical values
go from 130 dB/m at 18 GHz to 420 dB/m at 73 GHz [13].

3) Di�raction, millimeter wave signals encounter smaller amounts of di�rac-
tion than microwave signals and show re�ective propagation that makes them much
more at risk in presence of obstructions.

4) Link Access, the narrow beams generated by antennas with high direc-
tionality create problems in the set up of links among users and BSs [13]. This
problem becomes increasingly challenging in high mobility contexts.

It must be observed that signal absorptions also bring a positive aspect, since
they increase the separation of cells by attenuating the interference generated by
more distant BSs with respect to the one serving the user. Experiments have
shown that the propagation losses of millimeter wave frequencies are manageable,
but require controlling the energy of the emitted beam by means of large antenna
arrays [13].

Signal propagation and interference are extremely relevant whenever wireless
backhaul is used to link repeaters or small cell BSs to the wired part of the RAN.
In these cases, the use of mmwave technologies is very interesting because of beam
directionality and reduced interference, both with other mmwave links and with
traditional microwave cellular signals. This aspect is very relevant to the topic of
this dissertation, since backhauling of small cell BSs on vehicles is only possible
through wireless connections.
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1.2 Need for Densi�cation
Network densi�cation is the approach that allowed RANs to cope with the

massive increase of tra�c of the past decades, more than the introduction of new
generations, new spectrum, and new transmission technologies. Experts estimate
that denser cell deployments had an e�ect which is over an order of magnitude
higher than all other improvements combined. Network densi�cation is a key focus
of this dissertation, and before getting to the details of our research questions
we address three general issues: 1) what is network densi�cation, 2) what is the
importance of network densi�cation, and 3) what is the role of the network operators
in implementing this novel technology and strategy.

What is Network Densi�cation? A simple de�nition for the network densi�ca-
tion approach is to deploy additional cells in areas with high tra�c, so as to grow
the total available capacity thanks to the fact that each cell provides additional
capacity to the RAN in the deployment area2.

The cells that are deployed in the areas that are short of capacity can provide
more capacity where it is required and even help o�oading tra�c from neighboring
sites. Inner-city areas (also called dense urban areas) and popular venues (such as
stadiums) are possible candidates for network densi�cation due to high density of
mobile users.

In order to provide densi�cation in an area served by a set of macro BSs, which
form the so-called macro cell layer, some supplementary low-power BSs are added
to the network within the coverage area of the macro cell layer. This leads to what
is known as heterogeneous or multilayered network architectures. The small, pico,
micro cells layers (we will use the term small cell, and we will call small cell BSs the
base stations generating small cells) do not necessarily cover the whole area served
by the macro cell layer, and are just situated to boost capacity and improve the
data rates where it is needed.

Network densi�cation is sometimes considered to include densi�cation in space
(dense deployment of small cells) and densi�cation in frequency (use of wider radio
spectrum in di�erent bands). Spatial densi�cation is achieved by self-organizing
networks and intercell interference management. Moreover, in order to achieve the
bene�ts of network densi�cation, it is necessary to pair it with adequate backhaul
densi�cation (i.e., adequate increase of backhaul link capacity)3.

2https://www.electronicsforu.com/resources/learn-electronics/bdma-technology-5g-network
3https://www.electronicsforu.com/resources/learn-electronics/bdma-technology-5g-network
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1.2.1 Network Densi�cation Challenges
Network densi�cation can be very e�ective in increasing network capacity, but

it also raises several challenges that are shortly discussed here.

Interference

One of the main challenges that network densi�cation must face is the increase of
the interference in the network. This is especially true in HetNets (heterogeneous
networks that comprise di�erent cell sizes), where interference management has
been one of the di�culties. The problem is critical when BSs with di�erent coverage
areas use the same licensed frequency spectrum portion.

If we consider a two-tier HetNet, we can discuss two di�erent types of interfer-
ence in the HetNet.

Co-tier Interference � Co-tier interference, or intra-tier interference, refers to
the interference between BSs of the same tier. Particularly critical in the scenarios
considered in this dissertation is the interference between small cell BSs, since they
are located in random locations, possibly at very short distances from each other
[20].

Figure 1.3: Inter tier interference and intra tier interference in uplink and downlink
scenarios.
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The interference scenario is depicted in Figure 1.3, Case (1): The uplink co-tier
interference between the small cell BS and the small cell user equipment (UE). Case
(2): The downlink co-tier interference between the small cell BS and a small cell
UE.

Cross-tier Interference � Cross-tier interference is generated by the BSs of di�er-
ent tiers. This type of interference is caused because of two main reasons: the large
di�erence between the transmitted power of BSs of the two tiers and the asymmetry
of the covered areas by cells of each of the two tiers (and the corresponding path
loss) [21].

Case (3) in Figure 1.3 is showing downlink cross-tier interference between one
of the small cell UEs and a MBS. Case (4) depicts downlink interference between a
macro cell user at the edge and small cell BS. Case (5) illustrates uplink cross-tier
interference when a macro UE is at the cell edge and must transmit high power
in order to make up for path loss and shadowing e�ect. Case (6) displays uplink
cross-tier interference of a MBS and a small cell UE.

Energy E�ciency

Energy e�ciency can have many possible de�nitions. Energy e�ciency cannot
just be the amount of power consumed by a network, since many aspects need
to be accounted for: amount of carried tra�c, quantity of served users, extension
of the served area, frequency spectrum used, etc. As a result, a comprehensive
de�nition of energy e�ciency is complex. Here we just use the following de�nition:
the network energy e�ciency is the aggregate bit rate obtained on the bandwidth
of 1Hz for a given power. This means that we measure energy e�ciency in bits per
second, per Hertz, per kilowatt. In other words, energy e�ciency equals spectral
e�ciency divided by network power. Given the increase in the number of BSs,
network densi�cation is likely to increase power consumption unless the increase in
capacity and spectral e�ciency compensate the power increase.

Positioning of a huge number of BSs
The energy e�ciency of network densi�cation was studied for example in [22],

where the authors show that the initial steps of densi�cation allow energy e�ciency
to grow considerably, but as densi�cation continues, energy e�ciency experiences
limitations due to interference increase. This is truer in an indoor space since in
an indoor space the spectrum is not utilized well [2].

Positioning mechanism
The strategy that is used in small cell deployment has a remarkable e�ect on

the amount of interference and energy e�ciency of the network. There are three
di�erent strategies to deploy small cells and manage user attachment. The �rst
user attachment strategy is an open access method in which any user around the
small cell can connect to the small cell [2]. The second strategy is called a closed
access procedure in which just the users that are subscribed to the small cell are
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allowed to connect to the intended small cell BS. The third scheme is the hybrid
scheme in which only subscribed users can enjoy the quality of service. The e�ect
of these accessing schemes have been discussed, and it was concluded that closed
procedures are less e�cient than open access methods in terms of energy.

Operation strategy
When it comes to network operation, many factors are a�ecting the network

energy e�ciency. Power control and sleep modes are among the most e�ective to
increase energy e�ciency. Currently, in LTE systems all BSs remain active 24/7,
even if they are not in use by services. Controlling the activation and deactiva-
tion of BSs according to tra�c conditions can greatly reduce the network power
consumption, as well as reducing non-essential overheads and idle mode signaling.

Handover and Mobility Management

Handover allows cellular networks to guarantee the quality of service of active
users [23], since the handover process helps a UE that is in a cell and is already
connected to the cell BS, to transfer its connection to another cell BS while keeping
the quality of service at an acceptable degree.

Managing handovers and associations of UEs to BSs have always been a chal-
lenge in RANs of di�erent generations, and network densi�cation, by adding many
small cells to the network makes this already existing challenge even more complex
to tackle. The issue is that the area that is covered by small cells is much smaller in
comparison with macro cells, so that handovers become more frequent [21]. This
calls for smart associations of UEs to BSs, possibly accounting for UEs mobility
characteristics.

1.2.2 How does network densi�cation with vehicles con-
tribute to the state of the art?

In this dissertation we explore the possibility of an opportunistic crowdsourced
densi�cation of RANs, exploiting SC BSs carried by public or private vehicles along
their daily routes. We call MoBS the mobile SC BSs, and mobile mobile network
(MOMONET) the approach to densi�cation based on MoBS.

The idea of exploiting cars as active components of a telecommunication network
is not new. Many studies in vehicular networks have investigated the possibility
of combining an Access Point (AP) in cars and a cellular interface. In this case
the connected cars can play the role of a moving access point and can provide
connection for UEs in the car proximity. For example, some studies considered
mobile vehicular gateways that use Wi-Fi for vehicle-to-vehicle (V2V) and LTE for
vehicle-to-infrastructure (V2I) communications.

Other studies introduced virtual APs that helps to increase the access range
of roadside access points. In this case, vehicles receive a message, they store it,
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and �nally re-broadcast it into the areas that are not covered. In some cases even
parked cars and vehicles were exploited, in addition to roadside units, to increase
the quality of video downloading and other services.

All these previous studies and approaches are di�erent from the MOMONET
concept that we investigate in this dissertation, since here we employ vehicles as a
support for small cell BSs to achieve RAN densi�cation.

MOMONET creates a logical integration of the small cell mobile BSs carried
by vehicles with the traditional �xed BSs. Speci�cally, thanks to the correlation
between vehicle density and telecommunication tra�c load, the mobile small cell
BSs add capacity, where and when needed, to better serve the end users of a
traditional RAN. This capability lets end-user terminals freely transfer their services
between a macro BS and a mobile vehicular small cell BS.

1.3 PhD Publications
Part of the work reported in this dissertation was already published in interna-

tional conferences and journals.
Most of the results in Chapter 3 derive from the paper

� Foroogh Mohammadnia, Marco Fiore, Marco Ajmone Marsan, �Adaptive
densi�cation of mobile networks: Exploring correlations in vehicular and
telecom tra�c,� 17th Annual Mediterranean Ad Hoc Networking Workshop
(Med-Hoc-Net 2018), 20-22 June 2018, Capri, Italy.

Most of the results in Chapter 4 derive from the papers

� Foroogh Mohammadnia, Christian Vitale, Marco Fiore, Vincenzo Mancuso,
Marco Ajmone Marsan, �Mobile Small Cells for Adaptive RAN Densi�cation:
Preliminary Throughput Results,� 17th IEEE Wireless Communications and
Networking Conference (IEEE WCNC 2019), 15-18 April 2019, Marrakech,
Morocco.

� Marco Ajmone Marsan, Foroogh Mohammadnia, Christian Vitale, Marco
Fiore, Vincenzo Mancuso, �Towards mobile radio access infrastructures for
mobile users,� Elsevier Ad Hoc Networks, Vol. 89, pp. 204-217.

The contents of chapter �ve are still not published.
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Figure 1.4: Explosive growth of mobile tra�c and mobile subscriptionsa

ahttps://www.cisco.com/
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Chapter 2

Densi�cation with Small Cells on
Vehicles

2.1 MOMONET
The use of large numbers of Small Cells (SCs) for the densi�cation of Radio Ac-

cess Networks (RANs) is regarded as a most promising approach for the provision
of broadband services to large numbers of mobile network end-user terminals. How-
ever, the deployment of the SC base stations (BSs) necessary to make dense RANs
a reality implies huge investments, which Mobile Network Operators (MNOs) are
reluctant to approve in a period of declining pro�ts.

A major reason for the high SCs deployment cost is that peaks of bandwidth
demand vary signi�cantly in time and space [25], [26], thus making the SC utiliza-
tion highly variable, and low on average. For instance, users tend to commute from
home to work in the morning of working days, making business districts crowded
during working hours.

In this period, MNOs need high-capacity RANs therefore, a dense presence of
SCs needs to be located in business areas. However, after work, users move out of
their o�ces, so that the demand for RAN capacity becomes much lower in business
districts, and many of the installed SCs become redundant. The opposite is true
for the residential areas, where capacity is mostly necessary in the evening, so that
a dense RAN layout becomes useful then, not during working hours.

In addition, during commuting and in the event of tra�c jams or accidents,
dense RAN layouts are needed where road tra�c is congested. The cost of a RAN
which is dense everywhere can be extremely high, and the associated long periods
of low utilization imply a poor return on investment for the MNO.

A possible approach to make high RAN capacity available where and when
needed is to use mobile small cell base stations (MoBSs) carried by vehicles. This
approach leads to a network where not only end users, but also part of the network
infrastructure is mobile. We name such an architecture a Mobile Mobile Network
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or MOMONET.
The idea of mobile BSs is not new. Operators have exploited truck-mounted

BSs for the quick provision of coverage in areas where service was not otherwise
available or where additional capacity was needed 1. Some truck-mounted BSs
were periodically moved from beach areas in summer to skiing resorts in winter.
However, in this thesis we discuss a new, much broader use for mobile BSs, looking
at the possible impact of vehicle-mounted SC BSs on the implementation of dense
RANs based on SCs.

The feasibility of RAN densi�cation with vehicle-mounted SC BSs raises a num-
ber of research questions that require accurate investigation. For example: the
selection of algorithms for the association of end users to BSs and for handover
mitigation; the management of interference among transmissions from traditional
BSs, from small cell BSs, and from end users; the selection of technologies for the
implementation of small cell BSs on vehicles, and for the implementation of back-
haul wireless connections; the reduction of the impact of the energy consumption
of small cell BSs on vehicles power systems and the impact of self-driving cars.

Vehicles have the desirable property of moving together with end users, so that
in a business district during working hours we normally have both many end users
and many vehicles. If a signi�cant fraction of those vehicles carry a SC BS, a
temporary dense SC deployment is created. Quite nicely, this temporary dense SC
deployment will be recreated in residential districts when drivers return home with
their cars, as well as in tra�c jams.

The deployment of MoBSs on public and private vehicles has the potential to
signi�cantly reduce investment cost for MNOs. Moreover, it can open an entirely
new market, where wireless bandwidth generated by MoBSs plays the same role of
energy produced by rooftop solar panels.

MOMONET like any other new technology has its own pros and cons and chal-
lenges. The main network challenges posed by mobile base stations are interference
management, energy e�ciency and mobility and handover management that were
discussed brie�y in chapter one, but in addition to these issues, developing e�cient
backhauling solutions for MoBSs is one of the most important challenges in 5G
cellular systems where many small cells are deployed on vehicles. The backhaul so-
lution that is mostly matched to the availability of existing backhaul infrastructures
and service demand can consist in a heterogeneous backhauling. Indeed, network
operators will face the backhauling challenge that requires that tra�c should be tr-
sansfered from �xed small cells to the core network in an e�cient and cost-e�ective
manner. Among backhaul solutions for small cell mobile base stations, there are
wireless and wired solutions that have their own pros and cons. According to some
research outcomes, the most e�ective solution for backhauling is the combination

1http://www.dael.com/en/telecom/cell-on-wheels
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of di�erent options. In our scenario, due to MoBS mobility we just discuss the
wireless options.

Overall, this thesis tackles some of the key aspects of RANs comprising MoBSs,
the correlation between telecom tra�c and vehicle densities, the achievable through-
put and fairness, and the impact of backhaul links from MoBSs to �xed BSs.

Key challenges to investigate will consist in understanding to which extent the
mobility of base stations is e�ective in bringing capacity and services where tra�c
peaks, and to design a broadband and reliable wireless mobile backhaul to connect
MoBSs to the core of the network. There are no data and no results available in
the literature on these challenges.

2.2 MOMONET Concept and Architecture

2.2.1 The Novelty of MOMONET
RAN densi�cation requires the deployment of large numbers of small cells in

those areas where the number of users, both humans and machines, and the tra�c
they generate, is very high, at least for some signi�cant portion of time.

However, the number of mobile users and the level of tra�c they generate exhibit
remarkable spatial and temporal variations [25], [26].

Users, humans in this case, normally move from home to work in the morning
of working days, and this makes business districts crowded during working hours,
approximately from 9 am to 6 pm, in this period, MNOs need the capacity of many
small cells of their dense RAN in business areas.

However, after 6 pm, users move out of their o�ces, so that the RAN capacity
necessary in a business district becomes much lower, and many of the installed
small cells become redundant. The opposite is true for the residential areas, where
capacity is necessary in the evening, so that a dense RAN layout becomes necessary
then, not during working hours.

What is more, operators experience daily massive migrations of users, which
can last hours in the morning and in the evening. During such migrations, there is
a huge demand for data and infotainment. Therefore, network capacity needs to be
provided not only in business and residential districts, but also on the move. This
problem is not fully new; it was partially present also in old-style �xed telephone
systems, and it is one of the key management challenges in present day RANs.

Indeed, in modern cellular networks, radio resources, active frequencies, are
moved following usage patterns, so that precious bandwidth is not wasted in low
tra�c areas. However, moving wireless bandwidth does not reduce the investment
cost for infrastructure, and BSs that in extreme cases can remain inactive for days,
because they serve areas that only become crowded during weekends, increase the
cost of the infrastructure, hence of service.
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The mobility of users and terminals, coupled with the explosion of tra�c, has
made the situation much worse, and the increasingly common habit of using smart-
phones during crowded events, such as a rock concert or a football match makes
the problem even harder.

The traditional approach of dimensioning for peak tra�c is extremely costly,
requiring the dense deployment of small cells in both business and residential dis-
tricts as well as extremely dense coverage of stadiums, and leads to low resource
utilization hence low return on investment for long periods of time.

In order to obtain the wireless bandwidth that is necessary to meet the fore-
casted explosive increase of mobile tra�c, it will be necessary to have a large num-
ber of small cells in business districts during working hours, in residential districts
during evenings, over commuting paths at the beginning and the end of working
shifts, and around stadiums during special events not to mention city squares during
protest gatherings, highway portions in the event of a tra�c jam, etc.

One possibility is to deploy a dense small cell coverage in all areas, switching
them on and o� as needed2. This can bring substantial savings in operational
expenditures (OPEX), especially those related to energy [27], but does not alleviate
the capital expenditures (CAPEX) due to cell deployment.

Vehicle-mounted small cell BSs for the implementation of dense RANs, ex-
ploit the fact that vehicles move with people, and so does network capacity in a
MOMONET. This is a disruptive concept with respect to what has been done so
far.

MOMONET will use the correlation between the spatio-temporal distribution
of vehicles and that of tra�c demand, in order to physically move small cell base
stations � mobile BSs (MoBSs) from business areas to residential areas and back,
so as to have the capacity of those cells where and when needed. This will lead
to a dramatic decrease in the amount of installed RAN infrastructure and will
ensure high bandwidth connectivity as well as the support of a very large number
of simultaneous connections.

Indeed, vehicles have the nice property of moving together with end users (here
we mostly refer to humans, but vehicles can also be host to several connected
devices).

If a signi�cant fraction of those vehicles carry a small cell BS, a temporary
dense small cell deployment is created. Quite nicely, this temporary dense small
cell deployment will be recreated in residential districts when drivers return home
with their cars, and on the road as they move.

Note that the correlation between number of vehicles and number of end users as
well as between telecommunication tra�c and number of potential MoBS positions,
was shown in several works, starting with the �Real Time Rome� project of Carlo

2http://www.dael.com/en/telecom/cell-on-wheels
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Ratti’s MIT Senseable City Lab3,4, but must be carefully measured with recent
real data.

In addition, parking lots are good candidate location to provide some form of
infrastructure support to a MOMONET, e.g., by providing recharging facilities for
electric and hybrid cars in order to enhance the autonomy of the MoBS equipment.

A similar consideration can be made for the need for sensing and computing,
and the resulting tra�c demand. MOMONET will provide the ideal ecosystem
for an e�ective implementation of the MEC paradigm and, hence, the support of
services requiring extremely low latency and/or low overhead. Indeed, local sensing
and computing needs are also typically proportional to user density.

Many IoT services have a local sensing component. Events of some signi�cance
for an IoT based system (e.g., a road accident, a sudden medical condition on a
pedestrian, or the freeing up of a parking slot) are usually more frequent when and
where users concentrate.

In addition, the need for computing resources (e.g., the algorithm for inferring a
given medical condition, for detecting the degree of occupancy of a parking space,
or for distinguishing a road accident from a normal tra�c jam) correlates positively,
spatially and temporally with user mobility patterns. This is the reason why much
of IoT sensing is devoted to either characterizing the human patterns directly, or
to capture conditions and events (tra�c jams, aggressions) whose frequency and
distribution in space are tightly related to human patterns.

Similarly, infotainment service demand moves with people, and thereby com-
puting resources used to provide those kind of services (e.g., video streaming and
caching), which are now deployed at the edge of the network (following the MEC
paradigm) need to move as well, to be used in an e�cient way.

Of course, the dense small cell RAN layouts resulting from MoBSs have di�erent
properties with respect to the dense small cell RANs carefully planned by network
operators, and this poses a number of challenges.

First of all, while planners of BS deployments carefully select the BS positions
so as to avoid interference and maximize the e�ectiveness of BSs in serving users,
drivers obviously drive and park their vehicles with no awareness of network plan-
ning issues.

This results in random BS deployments, where by random we do not mean that
cars can be in any position over the area of interest, rather, that their positions are
not planned and not controlled, which call for careful adaptive network management
approaches. In addition, the movement of MoBSs, coupled with the movement of
end users, increases the overall dynamics of the RAN, and can generate a much
greater number of rearrangements in the network.

3MIT. Available: http://senseable.mit.edu
4MIT. Available: http://senseable.mit.edu/realtimerome
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With regard to the type of vehicles that could be good candidates to carry
MoBSs, public transport vehicles, such as buses and taxis can be a good choice,
since they are moving most of the time, with higher presence in those areas where
a larger number of people are present.

In addition, electrical or hybrid vehicles, either private or belonging to a car-
sharing �eet, are quite interesting, since the car density correlates well with the
density of end users, as we discussed, and the presence of a large energy storage
unit in the car enables operation of the MoBS also while the car is parked and the
engine is o�.

The opposite is true for traditional combustion engine cars, which have very
limited power storage available when the engine is o�, but can devote extra power
to the MoBS while moving. An advantage of vehicles of a car-sharing �eet is in the
fact that a car-sharing operator would be in a position to sign an agreement with
one or more MNOs or infrastructure/tower operators for the provision of small cells
as a service. Indeed, the car sharing company can play a role similar to that of
companies that manage telecom sites and towers for base stations.

2.2.2 MOMONET Architecture
The key idea of MOMONET is to provide a new paradigm for mobile cells

in a mobile world. Such a paradigm will be designed base on the analysis and
understanding of spatial and temporal behaviour of vehicles and telecom tra�c.
Speci�cally, MOMONET’s contribution to research and innovation is twofold; the
�rst is developing new analytical tools for the study of mobility data, and the second
consists in designing a cellular network theory for MoBS-operated networks.

Developing this new research area is mandatory since there are many di�erences
between a MOMONET and a RAN that just comprises �xed macro and micro base
stations. The activity in MOMONET will speci�cally focus on the realization of
the following key actions.

1. Gathering of empirical data obtained from the measurement of the behaviour
of vehicles of the car-sharing operator participating in the consortium of data
stored in open online repositories, and of data tra�c traces.

2. Data analysis on mobility and tra�c generation pattterns.

3. Development of analytic and modeling tools for describing and predicting
data traces and correlation between mobility patterns and capacity demand
patterns in space and time.

4. Interference mitigation for the optimization and coexistance of mobile radio
access and mobile wireless backhaul.
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5. Developing new mobile backhaul management methods that use wireless tech-
nology more than �bre technology.

6. Smart management of mobile handovers.

Figure 2.1: Overall methodological approach to research and innovation in
MOMONET

7. Adoption of the SDN/NFV paradigms to monitor all available resources on
the backhaul and also to virtualize network functions across MoBS. Figure 2.1
depicts how research and innovation on data analysis/modelling and archi-
tectural design will be coordinated.

Next, we brie�y discuss the data analysis and network design in MOMONET,
which constitute the main focus of this dissertation.

1. Data Analysis: This component in the �gure relates to mobility/data tra�c
analysis and statistical models that describe user behaviours and tra�c gener-
ation. The purpose of mobility and data tra�c analysis is to do a descriptive
statistical analysis of spatio-temporal patterns found in user behaviour, ve-
hicle behaviour and data transmissions. Therefore a precise analysis of the
available data is required to make the best architectural decisions. The data
analysis will be performed on multiple scales and according to multiple data
sources. Being multi dimensional does not just refer to the analysis variables,
but also to multiple dimensions considered in the analysis. For example, space
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and time are the key variables to indicate when and where the capacity should
move.
Some descriptive and visual analysis were complemented by visualisation li-
braries in Python to identify the data patterns, correlations, etc. The multi
dimensionality of the data, our analysis and also the large volume of the data
analysis posed a great challenge to implement the visual part of our analysis
and study.
Based on the statistical analysis that is performed on collected data, models
are created that serve di�erent purposes.

� Interpretable Models: This type of models describes the spatio-temporal
behaviour of end-users, vehicles and data tra�c. Interpretable models
let researchers identify which variables are related to the problem.

� Predictive Models: The predictive models allow forecasting the system
state in the near future (short-term forecasting), i.e., forecasting the
value of the variables that are critical for network operation. Usually
predictive models are more complex than interpretable models, but fore-
casting is necessary and critical for network management and operation.
In fact, predictions help network operators to anticipate possible prob-
lems, and help to optimize the network resources use.

2. Network Design: This part of our work relates to small cell mobile base
stations and their connection to the rest of the network and to end users.
An overview of the basic MOMONET networking architecture elements is
presented in Figure 2.2. The use, connection and control and joint optimiza-
tion of such elements is the core of MOMONET operation. MOMONET basic
architecture will include the following elements:

� Mobile Users: End user terminals (UEs) that use standard or new com-
munication technologies, like Visible Light Communication (VLC), mil-
limeter wave communications (mm Wave), white spaces cognitive radio.

� MoBSs: Mobile small cell BSs possibly implementing just part of a
BS protocol stack. These are new components that are speci�c to the
MOMONET concept, and they can cover a large variety of transmission
technologies and frequencies.

� Fixed cell BSs: Legacy BSs (de�ning macro cells, or small cells, or um-
brella cells), as per the 3GPP speci�cations for 4G networks and beyond.
In addition to legacy 4G/5G radio access, these BSs will implement the
wireless backhaul for MoBSs, and therefore will support wireless back-
haul technologies to be studied and identi�ed in the project, e.g., cogni-
tive radio over whitespaces, mmWave with CPRI-like connectivity, etc.
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Figure 2.2: MOMONET Network Architecture

� Controllers and Orchestrators: MOMONET is based on a control plane
managed by a network of SDN controllers that are orchestrated by algo-
rithms using data analysis results and context-aware machine learning al-
gorithms. This includes controlling and coordinating network resources.

� MEC: MEC in MOMONET can provide low-latency and low-overhead
services following the users in space and time as mobile base stations
in MOMONET do. MEC requires dynamically handling network slices
and computational resources.

� Backhaul: In the MOMONET scenario, backhaul is a wireless connec-
tivity between mobile base stations and �xed macro cells.

� Radio Access: Connectivity between mobile users and base stations,
�xed and mobile. The radio access protocols that are adopted in MOMONET
will be partially new and partially using the existing cellular technolo-
gies.
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� MoBS to UE, and vice versa: The radio access for MoBSs, on
the one hand, appears as a normal 4G/5G radio access. On the
other hand, it must exploit the presence of multiple MoBSs to
guarantee QoS and privacy/security to the users, e.g., by means of
channel-opportunistic MoBS access, MU-MIMO, Coordinated Multi
Point (CoMP) obtained by means of mobile coordinated BSs. (the
MoBSs), interference cancellation, physical security, etc.

� Fixed cell to UE, and vice versa: This part of the network/protocols
adopts legacy4G/5G radio access protocols.

� MoBS to BS, and vice versa: The MOMONET mobile backhaul
must provide support for dynamic recon�guration of single and
multi-hop physical paths for reliable and continuous connectivity
of MoBSs to BSs.

� Coordination between MoBSs: We consider some mechanisms and pro-
tocols to intensify coordination and cooperation between mobile base
stations (under the control of an SDN controller, this is not discussed in
this thesis).

2.3 MOMONET Application Examples

2.3.1 Commuting in megacities
Objective: To provide seamless broadband wireless access at low cost to masses

of people living in megacities and commuting every day, with limited infrastructure
cost for mobile network operators.

Scenario description � The most obvious application scenario for MOMONET
refers to a dense urban environment, such as a megacity of several million inhab-
itants, which is subject to the daily movement of large numbers of people that
commute from home to work in the morning, and return home in the evening. This
daily commuting involves people, vehicles, today mostly private cars and public
transport vehicles; tomorrow probably mostly vehicles of car-sharing services, and
telecom tra�c.

Telecom tra�c is generated by human end users, and by the smart objects
that travel with them and their cars. What end users want, is wireless access
connectivity in the place where they are, which means in their work place during
working hours, along their route during their commute, and at home in other pe-
riods. Providing this capacity with traditional means implies the deployment of
enough broadband wireless capacity in most places, which is extremely costly for
mobile network operators.

The MOMONET approach will provide adaptive bandwidth where needed,
when needed with low cost.
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2.3.2 Flash crowd
Objective: To provide broadband wireless access at low cost to sporadic gath-

erings of end users in places with otherwise low data tra�c demand.
Scenario description � This scenario refers to environments such as a portion of

a highway in a rural area, where the car density is normally low, and consequently
the telecom tra�c demand is low. However, if an accident along the highway creates
a tra�c jam, the vehicle density becomes extremely high, and the telecom tra�c
explodes, because of both the end user density and the need to communicate.

What end users want in this case, is broadband wireless access connectivity
in an area where an MNO has no incentive to deploy it. Providing the necessary
wireless capacity with MoBSs carried by the vehicles trapped in the tra�c jam is
quite natural. This is what will become possible with a MOMONET.

2.3.3 Disaster recovery
To provide possibly broadband wireless access for emergency as well as standard

applications in disaster areas.
Scenario description � The habit of being connected anytime and anywhere

has driven our society into a critical reliance on telecommunication infrastructures
and this poses one of the biggest threats to our society as a whole. Resiliency
of telecommunication infrastructures during and after natural disasters such as
earthquakes, hurricanes, �oods, etc., has become one of the biggest challenges in
our modern connected world.

In recent cases, such as the Katrina hurricane in 2005, and the 2009 earthquakes
in Abruzzo, we have seen that communication infrastructures can be wiped out or at
least be massively disrupted. This infrastructure most particularly includes cellular
operations that can be disrupted locally or in wide areas due to power outages or
equipment failures.

The MOMONET concept can be a possible early solution to communication
needs in disaster areas before normal infrastructure can be made operational again.
Vehicles equipped with a MoBS can connect in a multihop manner to bridge the
communication gap during or after disasters.

Given the wide availability of vehicles both moving and parked, a temporary
dynamic infrastructure can be set up and used, �rst of all for emergency commu-
nication services, but also to allow end users to connect to relatives.

2.3.4 Quantitative Digital Divide Reduction
Objective: Dynamically bring high quality, high bandwidth connectivity to

marginal areas, both in developed and in developing countries.
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Scenario description � Global communication access has been included in fun-
damental human rights. Yet, connectivity and network availability are far from
granted to anyone. Even when connectivity is available, its quality is extremely
varied, and all areas in the planet with a low population density and possibly less
a�uent population remain poorly connected.

The availability of MoBS on vehicles immediately opens the possibility of bring-
ing connectivity to the place where the vehicles go, be in a suburban area in Europe
or a remote village in developing countries.

A vehicle mounted MoBS can use much more e�cient antennas than portable
devices, so it can naturally reach a backhaul/backbone access unreachable for hand-
held devices. As its main goal is not bringing connectivity in this place, but help
densi�cation in crowded places, the CAPEX is spread on di�erent goals, so that
good quality connectivity in remote areas may become a�ordable.

As a few MoBSs will serve many people and households, the presence of few
equipped vehicles in interested areas is su�cient to achieve measurable bene�ts,
and these few vehicles does not necessarily belong to the people that are a�ected
by the digital divide: they can be public vehicles in some cases or the vehicles of
the few a�uent people in the local community in others.

2.4 MOMONET Research Issues
The research challenges raised by the MOMONET concept are many. Below we

discuss some of the most obvious ones.

In order to verify the feasibility of the MOMONET approach, �rst of all it is
necessary to study what is today the correlation between the density of end
users (hence of telecom tra�c), and the density of vehicles in urban areas,
extrapolating the present situation to a likely evolution in dense urban ar-
eas increasingly served by vehicles of car-sharing �eets and in particular by
electrical autonomous driving cars, as predicted by the recent report by Elon
Musk of Tesla.5

Association of end users to BSs and handover mitigation

The selection of the BS to which an end user terminal should associate is very
important for the e�ective operation of a cellular network and in particular
of a MOMONET.

User association optimization has been thoroughly studied in the literature
[28], [29], although the presence of mobile points of access has been so far

5E. Musk, "Master Plan, Part Deux". Available: https://www.tesla.com/blog/master-plan-
part-deux.
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evaluated only in terms of device-to-device communications [30]. Of course,
for the system to provide the desired adaptive capacity, it is necessary that
most terminals associate with the vehicle-mounted BSs.

MOMONET therefore needs novel algorithms, that, using a bias in the values
of signal-to-noise ratio, favour the user association to MoBSs. Users associ-
ations of end users to base stations in our scenario will be discussed later in
this thesis.

Management of interference among transmissions from traditional BSs, from small
cell BSs, and from end users

The random, variable layout of small cell BSs carried by vehicles is very di�er-
ent from the carefully planned layouts of traditional cellular networks. This
poses very challenging questions on the management of the interference among
the transmissions between BSs (vehicular and �xed, unless they operate on
separate frequency bands) and end user terminals, both in the downlink and
in the uplink directions.

The approach which mimics the behaviour of today’s RANs tries to reduce
interference as much as possible, by carefully controlling transmission power
and end user associations to BSs.

Technologies for the implementation of small cell BSs on vehicles

The implementation of a small cell BS on board of a car (MOMONET MoBS)
poses a number of technological challenges, especially those related to the
mechanical stress of the BS hardware, to the access to stable power sources,
to the implementation of the BS antenna, to the choice of the most adequate
digital transmission approach, and to the location of processing, storage and
caching, for cloud, fog [31], and mobile edge computing applications [32].

Technologies for the implementation of backhaul wireless connections

One of the most delicate choices in MOMONET concerns the selection of
the technology for the implementation of the wireless backhaul link. This
is indeed critical in the MOMONET architecture, due to the high capacity
requirements and the small cell BS mobility.

We will investigate the backhaul impact on performance according to some
possible technologies for the backhaul implementation.

Energy consumption in MoBSs

The amount of energy necessary to run a MoBS on board of a vehicle must be
determined as a function of the hardware e�ciency, of the antenna gain, and of
the required coverage. In general, it is possible to expect power consumptions
of the order of a fraction of Watt, to cover distances of the order of a few tens

25



Densi�cation with Small Cells on Vehicles

of meters in the vehicle proximity. Power consumption may need to increase,
to reach end users that are further away from the BS, or behind the obstacles.

Integration of the MOMONET approach in the Internet of Things (IoT) and in
the smart grid (SG)
The fact that vehicles in a dense urban scenario travel all avenues, streets,
and alleys, can be exploited for the implementation of many classes of the
services that will come with the IoT and the smart grid (SG).
Indeed, any machine device and smart object is likely to be within reach
of a street along which some vehicles carrying a small cell BS are passing
during the day. This makes the connection between the machine end user
terminal and the car possible, with minimum drain of the energy available
at the machine end user terminal, for a limited amount of time, which can
however be su�cient for transferring the few data necessary for the service in
many cases.

Exploitation of the SDN and NFV approaches in MOMONET
The complexity of the MOMONET scenario is extreme, with MoBSs, possibly
equipped also with CPU and memory for data processing and storage, moving
around the dense urban area, over which also end users roam. Algorithms
and protocols for a very dynamic control and adaptation of the numerous
network operating parameters are necessary.
To this end, it is possible to exploit the SDN paradigm [33], which allows
the virtualization and the real-time orchestration of network resources. In
addition, the continuous variability of the RAN layout requires the virtual-
ization of a number of network functions, as well as to implement services
with approaches such as cloud, fog [31] and MEC [32].

Impact of self-driving cars
The di�usion of self-driving cars seems particularly attractive for car-sharing
�eets, since they allow moving cars to the areas where they are most in
demand, something that is done today for both bike and car-sharing �eets, at
high cost, because of the need for human intervention. The same development
may also happen for private electrical cars, as in the plans of Tesla Motors6

and Google Self-Driving Car Project7.
MOMONET can exploit the possibility of moving shared cars as desired in
the periods when they are not hired. This allows the reduction of the unpre-
dictability in the system, and to take some steps toward the optimization of

6https://www.tesla.com/blog/master-plan-part-deux
7Google Self-Driving Car Project. Available: www.google.com/selfdrivingcar
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the spatial distribution of small cell BSs (jointly with the optimization of car
positions as required by the car-sharing service).

Such a feature adds an important degree of freedom in the management of
the dense small cell layout, and can provide signi�cant performance improve-
ments. For example, autonomous cars could be programmed to drive peri-
odically over paths with minimal tra�c, in order to collect IoT data to be
transferred to processing centers.

Resilience

The complexity of MOMONET calls for signi�cant attention to resilience [34],
[35], and to the mitigation of possible vulnerabilities to malicious behaviours
[36], [37], [38]. Note that the distributed nature of the MOMONET radio
access system makes it suitable for the provision of wireless access capabilities
in cases of partial failure of the traditional �xed BSs, and even for the limited
connectivity of end users in the case of a total blackout of the �xed network
elements [39], [40].

Indeed, in those cases (for example due to a natural disaster), the vehicle-
mounted BSs allow the exchange of information among terminals within reach
of the same BS, and even of multiple BSs, if an appropriate backhaul system
has been implemented.

2.4.1 Tackled Research Issues
As we mentioned at the beginning of this section, in order to verify the feasibility

of the MOMONET paradigm in practice, �rst of all we study the existence of
correlation between telecom tra�c and vehicular tra�c. Indeed in chapter 3 of
this dissertation we quantify the spatial, temporal and spatio-temporal correlation
between these two tra�cs to visualize and verify the presence of correlation, and
to identify the places and the time periods where a reasonable level of correlation
exists, so that the MOMONET approach can be e�ective.

After studying correlation, we quantify the throughput and fairness improve-
ments achievable with the adoption of the MOMONET approach. We do this by
looking at speci�c areas within the city of Milano, like the main Railway Station
and the Politecnico. In order to compute throughput and fairness, we account for
the end user associations to MoBSs and BSs. The considered association algorithms
select BSs according to the strongest received signal, hence to distance between end
users and BSs (we assume simpli�ed propagation models, not accounting for build-
ings layout). In order to reduce interference, we assume that some of the MoBSs
within the area can be muted if they generate too much interference because they
are very close to macro BSs or to other MoBSs. Muting is based on an interference
threshold, but more elaborate approaches can be devised. We also investigate the
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possible wireless backhaul solutions for MoBSs, one of the most delicate design
choices in MOMONET, and we quantify the impact of di�erent backhaul solutions
on network performance.

The rest of this thesis is structured as follows:
In chapter 3, I study the correlation between vehicular and telecommunications

tra�c, showing that, even considering only the very small percentage of vehicles
for which real data are available, a visible correlation is present, both in time and
in space.

In Chapter 4, I applied existing approaches so as to de�ne the optimization
problems that allow the computation of the maximum achievable throughput and
fairness in a portion of a RAN comprising both �xed macro base stations and
mobile small cell base stations. Numerical results show signi�cant increases in
both metrics. Increases are of the same order of magnitude as those achieved with
regular placements of �xed small cell base stations.

In chapter 5, I discuss �rst the technological alternatives for the implementation
of the wireless backhaul connection from mobile small cell BSs to �xed macro
base stations and then the achievable throughput and fairness with three di�erent
wireless backhaul options.
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Chapter 3

Exploring correlations between
vehicular and telecom tra�c

As discussed before, the MOMONET concept is based on the integration of
traditional �xed macro/micro BSs with MoBS carried by private or public vehicles
(buses, taxis, cars, vans, . . . ). This can provide a temporary network densi�cation
through the crowdsourced deployment of large numbers of small cells in the areas
and in the periods in which tra�c demand peaks, thanks to the correlation between
vehicle and end user densities, hence tra�c demand.

In this chapter we explore such correlation using real data for both telecom
tra�c and vehicle movement.

3.1 Dataset Description
For the analysis of the correlation in time and space between vehicular tra�c

and telecom tra�c, we used three datasets.
The �rst dataset is the telecom tra�c dataset that provides information about

telecommunication events (SMSs, phone calls, Internet data transfer). The dataset
is the output of data �ltering over the Call Detail Records (CDRs) generated by
an Italian MNO cellular network.

CDRs log the user activity for billing purposes and for network management.
For the generation of this dataset, we have access to the CDRs related to the
following activities:

� Sent SMS: A CDR is generated whenever a user sends an SMS.

� Incoming Call: A CDR is generated whenever a user receives a call.

� Outgoing Call: A CDR is generated whenever a user issues a call.

� Internet access: a CDR is generated whenever:
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� A user starts an internet connection.

� A user ends an Internet connection.

� During the same connection one of the following limits is reached:

* 15 minutes from the last generated CDR.
* 5 MB from the last generated CDR.

This dataset covers a large geographical area in Piedmont and Lombardy. The
overall area is divided into 1114 rectangles with �ve di�erent sizes.

For simplicity, they are called squares in the rest of the chapter. Within this
area, we used the data for the city of Milan, which comprises 576 squares out of
1114 main squares.

Data are generated using two types of aggregation. With spatial aggregation,
di�erent activity measurements are provided for each square. With temporal ag-
gregation, activity measurements are obtained by temporally aggregating CDRs in
timeslots of 15 minutes.

The original dataset is composed of 5 �les, one for each kind of tra�c: sent
SMSs, received SMSs, issued Calls, received Calls and Internet tra�c.

The �les referring to SMSs and phone calls have a very similar structure and
comprise records containing:

� Time interval: The beginning of the time interval expressed as the number
of milliseconds elapsed from the Unix Epoch on January 1st, 1970 at UTC.
The end of the time interval can be obtained by adding 900000 milliseconds
(15 minutes) to this value. Type: numeric.

� Square ID: ID of the square that is part of the grid. Type: numeric.

� Number of issued/received calls: The number of issued calls or the number
of received calls. Type: Numeric.

� Country code: The phone country code of the person sending the call or the
phone country code of the person receiving the call.

Depending on the measured activity this value assumes di�erent meanings
that are explained later. Type: Numeric.

� Call Time: Total time of the calls in seconds. Type: Numeric.

The �les referring to Internet access comprises records containing:

� Time interval

� Square ID
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� Number of internet related CDRs: The number of CDRs generated because
of internet activity. Type: Numeric.

� Country code: The phone country code of the person performing the internet
connection. Type: Numeric.

� Downlink: Total data downloaded in kilobytes. Type: Numeric.

� Uplink: Total data uploaded in kilobytes. Type: Numeric.

Note that if for a given combination of the Square id, the Time interval and
the Country code at least 3 events are not recorded, the record is missing from the
dataset.

The second dataset provides the GPS data collected by Infoblu during March
and April 2015. Infoblu is the Italian leader in the �eld of info-mobility. Infoblu
has been a national company since 2001, and allows drivers to receive tra�c reports
directly on their navigator.

The info-mobility applications o�ered by this company provide information
about the tra�c conditions detected on the Italian highway network, main state
roads and Metropolitan areas in Rome, Milan, Turin, Bologna, Florence, Naples,
Genoa, Venice and Verona.

The data in this dataset includes geographical position data, speed, travel ID
and time information from devices in vehicles.

These data are the necessary source for vehicle tra�c information and for most
intelligent transportation systems (ITS), so every vehicle with an active connected
device acts like a sensor for the road network. Based on these data, tra�c congestion
can be identi�ed, travel times can be calculated, and tra�c reports can be rapidly
recorded.

Each record in the �le has the following structure:

� Travel ID: A unique string identifying a trip. A trip starts when the engine is
switched on and lasts until the engine is switched o� for at least 30 minutes.
The length of the �eld is 32 characters.

� Timestamp: Timestamp indicating the exact time in which GPS was ac-
quired. The time is in UTC time and its format is "yyyy-mm-dd hh:mm: ss".
No time zone speci�cation is used.

� Latitude: Latitude in WGS84 coordinates of the acquired GPS position.

� Longitude: Longitude in WGS84 coordinates of the acquired GPS position.

� Vehicle category. Kind of vehicle generating the GPS position. The value can
be empty because for some vehicles the category is not available. The types
of vehicles involved in the dataset are: Motor bike, car, van, truck, each with
speci�c code, and there is also one code for the all other types of vehicles.
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The third dataset is a shape�le that contains the whole area map separated in
squares which are reported in UTM coordinates.

3.1.1 Data Preprocessing
The traces collected by the MNO for telecom tra�c need to be preprocessed

because of the existence of redundant and incomplete information in some traces
and the necessity of aggregating the data related to each of the squares. The data
was already aggregated temporally. The preprocessing includes three steps.

First the country code column was eliminated, then the timeslot column was
eliminated since a separate data sheet was created for each timeslot, and �nally
the data reported in each sheet was aggregated for each square. The �nal obtained
result of preprocessing the telecom data was the spatial and temporal distribution
of cellular tra�c.

For vehicular tra�c, the data preprocessing consisted in ten steps, but we just
summarize the most relevant ones.

The traces for di�erent dates were separated, then the time column that was
reported in real time was converted to Unix Epoch. The data aggregation in time
was the next step. Since the geographical positions of trips are reported in latitude
and longitude, they were converted to one geographical point.

3.2 Correlation Analysis
The analysis of correlation is necessary to evaluate the possibility of cellular

network architectures where densi�cation is obtained with MoBSs. This is an in-
teresting solution for creation of on-demand capacity via temporary dense small cell
deployments, where and when densi�cation is needed. According to raw data anal-
ysis, vehicular tra�c at penetration rates expected for small-cell-carrying vehicles
is much more bursty than telecom tra�c.

Note that the correlation between the number of vehicles and the number of
MNO end user terminals, hence between the telecommunication tra�c and vehic-
ular tra�c, was assumed in several works [41], [42], starting with the Real Time
Rome project of the MIT senseable City Lab1,2, but has never been carefully mea-
sured in real-world settings.

Here we aim at �lling this gap. We used measured data on two months of telecom
and vehicular tra�c in the city of Milan, Italy, and evaluated their spatio-temporal
correlation.

1MIT. Available: http://senseable.mit.edu/,
2MIT. Available: http://senseable.mit.edu/realtimerome/,
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