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Abstract

The unprecedented soaring demand for capacity and coverage on cellular networks is
challenging and straining operators. The current improvements in cellular standards
are significantly behind the exponential growth in requirements. Cellular operators
are currently shifting towards Heterogeneous Networks (HetNets) as the most promising solution to meet user demands; by using a mix of Macro Base Stations (MBSs)
and Small Base Stations (SBSs).
Recently, several cellular operators have started outdoor deployments of small
cells to enhance service in high-dense areas (e.g., downtown areas). In this thesis we assess and propose HetNet solutions that capitalize on SBS deployments to
boost capacity and coverage under varying scenarios. Initially we investigate the core
challenge of SBS placement in high-demand outdoor zones. We propose dynamic
placement strategies (DPS) for SBSs, and present two models that optimize placement while minimizing service delivery cost when feasibility is the core challenge, and
minimizing macrocells utilization as their deployment, compared to small cells, pose
a constant challenges. Both problems are formulated as Mixed Integer Linear Programs (MILPs). These solutions are contrasted to two greedy schemes which we have
presented and evaluated over extensive simulations. Our simulation results demonstrate that our proposed DPS achieve significant reductions of service delivery cost
ii

and MBSs utilization.
Realizing that a significant amount of cellular demand is generated on the go and
suffers deteriorating quality, recent research efforts proposed deploying SBSs onboard
public transit vehicles to enhance cellular coverage. We investigate the potential
performance gains of using mobile SBSs (mobSBSs). We assess and quantify the
impact of utilizing mobSBSs which are deployed in vehicles to aggregate traffic and
backhaul it to MBS. In our evaluation we study two important indicators to assess the Quality of Service (QoS) received by mobile users, and the ensuing network
performance. Namely, we investigate Pairwise Error Probability (PEP) and Outage
Probability (OP) for mobile users.
Finally, we propose a novel mobile data offloading framework which capitalizes
on mobile small cells and urban Wireless Fidelity (WiFi) zones to alleviate the data
traffic load generated onboard on MBSs. We incorporate dedicated and adaptive
offloading mechanisms that take into account mobile user service profiles (history)
and WiFi coverage maps to improve the efficiency of the offloading framework. We
conduct extensive simulation experiments to evaluate the performance of the mobile
offloading framework and contrast results to a benchmark.
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Chapter 1
Introduction

Over the last few years, cellular networks have experienced unprecedented demands
for higher data-rates and reliable Quality of Service (QoS), which creates a fundamental challenge for cellular operators. Several factors have contributed to this situation:
(i) global mobile data traffic has experienced at least a ten-fold growth according to
Cisco’s Global Visual Networking Index (VNI) [2]; (ii) the exponential growth of active smartphones and Internet-capable devices (e.g., laptops, tablets, and netbooks),
which currently exceeds the world’s population [2]; (iii) the unlimited data bundles
offered by cellular operators; (iv) the proliferation of data-intensive applications, such
as high definition video streaming, social networking, and online gaming; (v) our dependance on smartphones in our daily life everywhere (indoor, outdoor, and on the
go), which shifted many day-to-day activities to our online presence.
The aforementioned factors mandate a solution that remedies capacity and coverage constraints. Cellular operators have been searching extensively for solutions to
increase capacity and improve coverage to meet these demands, as well as to cope
with this explosive growth in mobile data traffic. Different solutions are proposed to
solve these issues, ranging from deployment of Wireless Fidelity (WiFi) networks for

2

dual mode devices to the installation of additional cell sites and relay stations, as well
as signal boosters. However, the advances and evolution of cellular networks are still
behind capacity demand [3, 4].
Recently, most cellular operators have realized that the next performance leap will
stem from changing the network topology [5], by capitalizing on Heterogeneous Networks (HetNets). In HetNets, a mix of typical Macro Base Stations (MBSs) underlaid
with Small Base Stations (SBSs) is used to deliver cellular service. A small cell is a
cellular coverage area that is served by an SBS [6]. An SBS is a fully featured mini
BS that is typically intended to be user-deployed for indoor deployment (residential
homes, subways, and offices) and backhauled to the operator’s Core Network (CN)
via an Internet connection (such as DSL, cable, etc.) [6, 7].
HetNets span a new paradigm in cellular networks that offers several benefits including enhanced coverage and capacity, offloading mobile data traffic, and enabling
a significant increase in spectral reuse efficiency per area [5, 8, 9]. HetNets have been
considered as the main approach in 3rd Generation Partnership Project (3GPP) Long
Term Evolution (LTE)/Long Term Evolution-Advanced (LTE-A) deployments [5, 9].
Due to their potential benefits, small cell deployments have garnered significant interest in the mobile industry and academia/research bodies during the last few years. In
fact, the total number of already deployed small cells has exceeded the total number
of macrocells [7].
Indoor small cell deployments provide a solution to poor indoor coverage and
capacity limits. In addition, several operators have recently started outdoor deployments [7] to offer both enhanced capacity and coverage for high demand areas (hotspots) and thereby offloading traffic from macrocells [10, 9]. Recent research efforts
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have proposed operator-deployed small cells in vehicles (a.k.a, mobile small cells)
including buses and streetcars to solve the issue of weak received signal by mobile
devices onboard [11].
HetNets show great potential in improving network performance in terms of coverage and capacity, and offloading traffic. The main focus of this thesis is to assess the
influence of the new innovative deployment scenarios of HetNets, in outdoor hot-spots
and public transit vehicles, on network performance and user’s experience.
In the remainder of this chapter, we present the motivations behind our research
and pose our research questions, summarize the thesis contributions and outline the
organization of this dissertation.

1.1

Motivation

Engaging small cells in new innovative deployments will result in providing gains and
benefits not only for indoor areas, but for other areas (i.e., outdoors and on the go).
An overview of the new innovative deployment scenarios of small cells is shown in
Fig. 1.1. As the new small cells deployments have the potential for enhancing mobile
users experience everywhere at anytime, we believe that the following factors motivate
our thesis work:
• Outdoor small cells deployments have attracted cellular operators to enhance
both capacity and coverage at high-demand areas (e.g., hot-spots downtown)
to complement existing macrocell infrastructure. However, where and when to
deploy these outdoor small cells need to be studied and investigated further in
order to achieve successful deployments either by short or long term placement
plans.
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Figure 1.1: New deployment scenarios of HetNets.
• Mobile small cells have been proposed by several researchers to enhance both
cellular coverage and capacity onboard public transit and moving vehicles. However, performance gains and impacts of using mobile small cells are still questionable and need to be quantified in order to be efficiently utilized.
• Mobile data traffic generated by onboard mobile devices is increasing due to the
proliferation of smartphones and their data-hungry applications. This is affecting cellular network performance and accounts for a considerable amount of the
global mobile data traffic. Therefore, offloading frameworks and protocols are
needed to relieve the loaded macrocells. Mobile small cells which are proposed
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to be deployed onboard vehicles, may be used as an offloading solution. However, mobile small cells themselves are only able to offload a small fraction of
data traffic. Mobile small cell offloading solutions should be used in conjunction
with other possible technologies to deliver users data to the operator network
rather than burden macrocells.
• Another widely used key network that presents itself as an offloading solutions is
Wireless Fidelity (WiFi). However, there are several limitations and challenges
in using WiFi networks alone (e.g., dual mode devices, billing, registration,
etc.).
• Service profiles of mobile users are typically available, and can be used to enhance network performance by leveraging user information and activities.
To this end, we pose the following research questions:
Q1. Can outdoor small cells be dynamically placed to achieve pre-determined performance objectives and what are the limits of such deployments?
Q2. What are the potential performance gains of using mobile small cells and what
are the network settings in which they are advantageous?
Q3. Can mobile small cells be integrated in HetNets to achieve efficient offloading
for mobile data traffic generated in vehicles?

1.2

Thesis Contributions

In this thesis, we aim to answer each research question addressed above. Hence, our
main contributions are the following.
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A1. We investigate SBSs placement problem in high demand outdoor environments.
First, we propose a dynamic placement strategy (DPS) that optimizes SBSs deployment for two different network objectives: minimizing service delivery cost,
and minimizing macrocells utilization. We formulate each problem as a Mixed
Integer Linear Program (MILP) that determines an optimal set of deployment
locations among candidate hot-spots to meet each network objective. Then we
develop two greedy algorithms, one for each objective, that achieves close to
optimal MILP performance.
A2. We investigate mobile small cell deployments where SBSs are deployed in vehicles. The objective is to quantify the impact and potential performance gains of
using mobile small cells. Specifically, we choose to study the outage probability
and pairwise error probability with and without mobile small cells by deriving
closed-form expressions. These two metrics are important performance indicators to assess mobile users QoS and have an impact on network performance
and power consumption. We also examine the achievable performance gains of
mobile small cells in terms of diversity gain, and distance advantage.
A3. We propose to use mobile small cells in a novel offloading framework to relieve
macrocells from data traffic generated by onboard mobile users. Our framework utilizes urban WiFi as a backhaul for mobile small cells to transfer users
data traffic to the operator network that is intended to be transferred through
macrocells. We further incorporate coupling WiFi coverage maps and users’s
service history profile to enhance the efficiency of offloading process.
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Thesis Organization

The rest of this thesis is organized in several chapters and outlined as follows. We
proceed by providing an overview of the background topics related to the thesis in
Chapter 2. Chapter 3 investigates SBSs placement problem in high demand outdoor
environments by proposing dynamic placement strategies (DPS) to optimizes SBSs
deployment addressing Q1. We exploit knowledge of traffic demand and achievable
throughput at the candidate sites (hot-spots) in the proposed DPS, and formulated
the deployment problem as MILP for the different deployment objectives. We also
propose two greedy algorithms for the formulated DPS problems.
In Chapter 4 we analyze the potential performance gains of mobile small cells
deployed in public transit vehicles addressing Q2. We first propose to deploy an
appropriate precoder at the Mobile Small Base Station (mobSBS). We derive tightbound closed-form expressions for PEP and OP to act as benchmark to help in the
assessment of our analysis and future studies. Then, we demonstrate the performance
gains of mobile small cell deployment analytically and through simulation in terms
of PEP, OP, distance advantage, and diversity gain.
Based on the potential performance gains of mobile small cells showed in Chapter 4, we propose to use mobile small cells in a novel data offloading framework relieve
macrocells from traffic generated by onboard mobile users in Chapter 5 addressing Q3.
Our framework utilizes urban WiFi as a backhaul for mobile small cells to transfer
users data traffic to the operator network. We further incorporate coupling WiFi coverage maps and users’s service history profile in our proposed framework to enhance
efficiency of the offloading process.
Chapter 6 summarizes and concludes the work in this thesis, and outlines some
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Chapter 2
Background and Overview

This chapter presents background material related to the work in this thesis. It
starts with an overview of cellular networks in Section 2.1. HetNets and small cells
are overviewed in Sections 2.2 and 2.3, respectively. An overview of WiFi is presented
in Section 2.4.

2.1

Cellular Networks

A cellular network or mobile network is a wireless radio network that is mostly cellular
in nature, where coverage is divided into a number of geographic coverage areas called
cells [12]. In each cell site there is a BS [13], which can support one or more cells,
dependent on the manufacturers’ equipment [13]. BSs provide the radio communication for UEs within the cell in order to enable UEs (e.g., cell phones, smartphones)
to communicate with each other and with operator’s network, even UEs are moving
through different cells during transmission [13]. Each UE uses radio communication
(e.g., LTE) to communicate with the cell site (BS) using a pair of radio channels,
one channel for Downlink (DL) (transmitting from the cell site to UE, and the other
channel for Uplink (UL) (transmitting from UEs to the cell site) [12]. Fig. 2.1 presents
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Figure 2.1: Overview of typical cellular network.
a typical cellular network.
The coverage cells are normally illustrated as a hexagonal shape, but in practice
they may have irregular shapes. The cell’s coverage range depends on a number of
factors, such as BS’s height and transmit power [12, 13]. Each type of cells differs
from other by the coverage area [13]. Macrocells (radius 1 to 10 Km) has the widest
coverage and used in rural and urban areas or highways. Microcells (radius 200 m to
1 Km) are used in urban and high density areas. Picocells (radius 100 to 200 m) have
smaller coverage than microcells and used in malls or subways. Femtocells (radius
less than 100 m) have the smallest coverage area and a typical femtocell is used indoor
(homes or offices). More details about different cellular coverage cell are discussed in
Section 2.3.
The BSs, BS Controllers (BSC) and the radio communication channels together
are called Radio Access Network (RAN) [12]. BSCs manage several BSs at a time
and connect cell sites to other entities in the operator’s CN [12]. The CN gathers
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traffic from dozens of cells and passes it on the public network [12]. The CN also
provides other central functions, including call processing, traffic management, and
transferring calls as a UE moves between cell sites [13].
LTE is a 3GPP radio access technology and is considered a major step towards
achieving 4th Generation (4G) cellular communication [14]. LTE network is a part of
Global System for Mobile (GSM) evolutionary path for cellular networks [14]. LTE is
designed to offer high data rates (100 Megabit per second (Mbps) for DL and 50 Mbps
for UL), reduced latency, and improved the using of available spectrum compared to
3rd Generation (3G) HSPA+ [14, 15]. LTE uses different forms of radio techniques,
Orthogonal Frequency Division Multiple Access (OFDMA) for DL, and Single Carrier
Frequency Division Multiple Access (SC-FDMA) for UL [15, 12].
A LTE system consists of three main parts: Evolved UMTS Terrestrial Radio
Access Networks (E-UTRAN), System Architecture Evolution (SAE), and UEs. EUTRAN represents Radio Access Network (RAN) and only consists of enhanced BSs
called eNB [15]. The SAE which is the new CN and it is a simplified and fully Internet
Protocol (IP) based network architecture [15]. LTE utilizes an advanced antenna technology called Multiple Input Multiple Output (MIMO) to increase throughout [12].
The next step for LTE is LTE-A. LTE-A is a fully 4G network that designed to
meet the requirements of International Mobile Telecommunications-Advanced (IMTAdvanced) [14].
Handoff management is a key function by which cellular networks support mobility and maintain QoS for UEs. Handoff enables the network to maintain a UE’s
connection (connected mode) while a user moves from the coverage area of one cell
to another [12]. Handoff is the process of transferring an ongoing voice call or data
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session from one cell connected to the CN to another. Handoff is divided into two
broad categories, hard and soft handoffs [12]. In hard handoff, current resources are
released before new resources are used. Whereas in soft handoff, both existing and
new resources are used during the handoff process. Another category is horizontal
and vertical handoffs. Horizontal handoff occurs when a UE switches between different coverage cells of the same radio access [12]. Vertical handoff occurs when a UE
switches between two different radio access networks (i.e., LTE with WiFi) [12].

2.2

HetNets

In order to meet demand on both capacity and coverage of cellular networks, a new
design paradigm, i.e., the HetNet), was introduced in LTE [8, 16]. The idea of HetNets
is that to deploy several smaller cells under the coverage of macrocells to extend
coverage or boost capacity in certain high-demand areas [8, 16]. HetNets represent a
major paradigm shift in cellular network designs, and offer adding network capacity
and enhancing coverage. HetNets refers to multi-access network when different radio
access standards are accessed with the same UE (i.e., LTE with WiFi), and can refer
to hierarchical cell structures where multiple cell classes with a same radio access
standard is used (macrocells with picocells) [16].

2.3

Small cells

A small cell1 is a cellular coverage area that is served by a low-power SBS [6]. A SBS
is a fully featured mini BS that is typically intended to be user-deployed for indoor
1

In this thesis, we use SBS to stand for the small BS itself, and use small cell to refer to the
coverage area that is covered by a SBS.
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Figure 2.2: Overview of typical small cell (i.e., femtocell).
deployment (residential homes, subways, and offices) and backhauled to the operator’s CN via an Internet connection (such as DSL, cable, etc.) [6, 7]. An illustration
of a typical small cell (i.e., femtocell) deployment is presented in Fig. 2.2. Small
cell deployments include femtocells, picocells and metrocells. SBSs can be used to
offer enhanced capacity and improved coverage and thereby facilitate offloading from
macrocells [10, 9]. Due to their potential benefits, small cell deployments have garnered significant interest in the mobile industry and academia/research communities.
In fact, the total number of already deployed small cells has exceeded the number of
installed macrocells [7].
Table 2.1 shows different types of small cells and comparison with macrocells [1].

2.3.1

Deployment Aspects

There are many possible cases of deployment configurations for small cells. The
deployment aspects are classified depending on: access mode, spectrum allocation,
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and owners [17].

A. Access Modes
An important characteristic of small cells is their ability to control access. There are
three common access control modes: Open, Closed and Hybrid [18, 19].
• Closed Access Mode: also known as Closed Subscriber Group (CSG). This mode
is mainly for femtocells to serves a limited number of UEs which they are defined
before in Access Control List (ACL).
• Open Access Mode: also known as Open Subscriber Group (OSG). In this mode,
any UE can connect to the SBS without restrictions. This mode can be used
by picocells for hot-spots, malls and airports.
• Hybrid Access Mode: this is an adaptive access policy between CSG and OSG.
In this mode, a portion of SBS resources are reserved for private use of the CSG
and the remaining resources are allocated in an open manner.

B. Spectrum Sharing
Spectrum allocation in HetNet deployments follow three approaches for sharing the
frequency bands between macrocells and small cells [20, 21, 8].
Table 2.1: Types of small cells and comparison with macrocells [1]
Type
Coverage
Transmit power
Macrocell 1-10 Km
40-46 dBm
Picocell
Less than 300 M 20-30 dBm
Femtocell Less than 100 M Less than 20 dBm

Backhaul
Dedicated
Dedicated or Internet
Internet
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• Dedicated approach: in this approach, different frequency bands are separately
assigned to the macrocells and small cells.
• Co-channel approach: macrocells and small cells share the whole available frequency bands in this approach.
• Partial co-channel approach: where macrocells and small cells share a portion
of the whole frequency bands and the rest is reserved for macrocells.
The first approach adopted in this thesis in order to eliminate frequency interference.
C. Owners
Small cells may be either user installed or operator deployed based on the deployment
environments [17].
2.3.2

Deployment Challenges

Despite many benefits and advantages of HetNets, they also come with their own
issues and challenges. These issues and challenges need to be addressed for successful
mass deployment of small cells. Some most relevant issues include:
• Self-Organization Network (SON) and auto configurations: SBS as a Consumer
Premise Equipment (CPE) are deployed as plug-and-play devices, so it shall
integrates itself into the cellular network without user intervention [12, 1].
Hence, different SON and auto configuration algorithms and techniques are
needed.
• Frequency interference: unplanned deployment of a large number of SBSs (i.e.,
user deployed femto BS) introduces significant interference issues for cellular
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networks. Frequency interference is one of the most important issues that impair
small cell deployments. Frequency interference in HetNets includes: cross-layer
and co-layer interference [22]. In cross-layer interference, a SBS interferes with
MBSs or vice versa. In co-layer interference, a SBS interferes with another
neighboring SBS or SBS’s user.
• Mobility and handoff management: due to the large number of deployed SBSs [1],
and may not be accessible to all users (i.e., closed access), mobility management
in small cells (such as searching for SBS, handoff from/to MBS, access control)
becomes sophisticated and challenge process [17, 23].
• Backhaul: the backhaul is the link connecting the radio access network (BS)
to the operator CN. In HetNet deployments, backhaul access design will be a
major issue due to the different cells’ requirements [1].

2.4

WiFi

Wireless Fidelity (WiFi) (also called WLAN) is a popular wireless protocol that uses
radio communication to provide wireless high-speed Internet and network connections [24]. WiFi is a trademarked as a IEEE 802.11x. Several releases of 3GPP
support interworking with WiFi in the CN [25, 26]. 3GPP based Enhanced Generic
Access Network [27] architecture applies tight coupling WiFi as it specifies rerouting
of cellular network signaling through WiFi access. This makes WiFi a de facto 3GPP
RAN [27]. Another alternative solution is Interworking Wireless LAN (IWLAN) [28]
architecture, which a solution to transfer IP data between a UE and operators CN
through WiFi access.
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Chapter 3
Dynamic Placement Strategies for
Outdoor Small Cells1

3.1

Introduction

Outdoor deployment of small cells generates two significant challenges. First, an
exhaustive deployment of SBSs in all regions of interest would be considered an
“overkill”, since not all regions necessitate an SBS deployment to meet demand. In
addition, demand may change from one location to another. Second, given a restrictive deployment strategy, i.e., with a cap on the total number of SBSs to be deployed,
deployment optimization strategy is required to maximize the operator objectives.
An example of such objectives can be the minimization of the total cost of service delivery or power consumption at MBSs. Therefore, effective SBS deployment strategies
are needed in order to realize the potential benefits of HetNets. In this chapter, we
study the problem of optimizing SBS placement in high-traffic outdoor environments
to complement macrocells. We devise a placement strategy for SBSs that considers
two key objectives: 1) minimizing service delivery cost, and 2) minimizing macrocell
1

Parts of this chapter was published in [29].
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utilization. In our solutions we incorporate information of the requested and achievable rates at each candidate site while considering other deployment constraints. Our
main contributions in this chapter are as follow:
• We propose a Dynamic Placement Strategy (DPS) for SBS deployment that
exploits knowledge of traffic demand and achievable throughput at the candidate
sites (hot-spots). DPS facilitates outdoor small cell deployment based on short
or long terms planning. Two DPS problems are formulated as MILPs for each
deployment objective. These MILPs provide benchmark solutions for the DPS
problem.
• We propose two greedy algorithms for the formulated DPS problems. Extensive simulations indicate that the proposed algorithms achieve close to optimal
solutions compared to the DPS MILPs-based benchmark solutions.
The remainder of this chapter is organized as follows. In Section 3.2 we overview
related work. In Section 3.3, we describe our system models including notations, network model and assumptions, and link and traffic models. Our proposed DPS MILP
formulations and the corresponding greedy algorithms are introduced in Section 3.4.
The performance evaluation is elaborated upon in Section 3.5, and is followed by a
summary in Section 3.6.

3.2

Related Work

Lu et al. [30] study the performance of co-channel LTE-A HetNet and their results
show a significant increase in the network capacity when picocells are deployed. Similarly, in the work of Landstrom et al. [31], a simple study of an LTE HetNet scenario

3.2. RELATED WORK

19

is demonstrated with one MBS and one pico BS. In the study, picocells are able to
increase network capacity and reduce power consumption. Strzyz et al. [21] study the
effect of different frequency sharing methods on the performance gain from deploying
picocells.
Indoor optimal deployment of small cells is addressed by Ahmed et al. [32] and
Liu et al. [33]. Ahmed et al. [32] propose a genetic placement algorithm for airport
environments to serve traffic demand and minimize outage and power consumption.
On the other hand, the work presented by Liu et al. [33] studies small cell placement
in commercial buildings with an objective to minimize the power consumption of UE
while covering all areas in a building.
Although there are many research efforts addressing the benefits of small cell
deployments, works targeting SBS placement optimization for LTE outdoor scenarios
remain limited. Mekikis et al. [34] propose a method to determine the minimum
deployment cost of HetNet for a given coverage probability using stochastic geometry
tools.
The work made by Li et al. [35] is closest to our work. The authors propose a
sampling based optimization method for 3G small cell deployments. SBSs deployment is optimized with the objective of maximizing UE throughput. However, this
method assumes that each macrocell is divided into mini cells, and SBSs can be reallocate between these mini cells in one step in all directions. This is not practical,
as macrocells experience high different traffic demands at different locations. As opposed to [35] which focuses on UE throughput, we discuss the problem of optimizing
SBSs deployment to achieve network-wide objectives.
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Table 3.1: Summary of Important Symbols
Symbol
i
j
Z
A
N
xi
si
Di
Ri
Uj
ζ
3.3

Description
Candidate site index i = {1, 2, . . . , Z}
eNB index j = {1, 2, . . . , A}
Set of candidate sites
Set of eNBs in the network
Total number of SBSs that can be deployed
The fraction of BS air-time allocated to candidate site i
Indicator variable representing SBS installation at candidate
site i
Demand at candidate site i [Mbps]
Achievable throughput at candidate site i [Mbps]
Set of indices of candidate cites in the coverage area of
macrocell j
Fraction of the service delivery cost through MBSs

System Models

In this section, we present notations used in this chapter, as well as our network and
traffic models.

3.3.1

Notations

We use the following notational conventions: X denotes a set and its cardinality |X |
is denoted by X. ~x is used to denote vectors, e.g., ~x = (xa : a ∈ A). Frequently used
symbols in this chapter are summarized in Table 3.1.

3.3.2

Network Model and Assumptions

An instance of our network model is represented in Fig. 3.1. The indicated hotspots are of concern to mobile operators due to the constant high demand in these
geographical regions. In this work, we optimize the SBSs placement among these
candidate sites based on the network objective. We consider DL transmission in a LTE
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Figure 3.1: An instance of considered network.
HetNet that consists of a set of MBSs, or eNBs, denoted by the set A = {1, 2, . . . , A}.
The candidate sites where SBSs can be deployed are denoted by the set
Z = {1, 2, . . . , Z}. An arbitrary eNB is denoted by j ∈ A and a candidate site
by i ∈ Z. We define the set Uj which contains the indices of all the candidate sites
that are in the coverage area of eNB j.
We assume that eNBs and SBSs operate on different dedicated frequency carriers [20, 21]. We also assume that there is enough distance between each candidate
site and the others to eliminate frequency interference between small cells. Finally,
at each candidate site a backhaul and power source can be set-up to facilitate the
deployment.

3.3.3

Link and Traffic Models

We denote the requested peak traffic demand at each candidate site i as Di [Mbps],
~ = (Di : i ∈ Z). It is assumed that this demand is known based on operator
where D
network monitoring tools.
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To determine the average Path Loss (PL) at each candidate site, we consider
the following path loss model according to the Next Generation Mobile Networks
(NGMN) recommendations:

PLi (di ) = 128.1 + 37.6 log10 di

(3.1)

where di is the distance in km between the center of candidate site i and its associate
eNB (i.e. the closest macrocell). Hence, the achievable throughput at each candidate
site can be approximated using Shannon’s capacity equation with Signal to Noise
Ratio (SNR) clipping at 20 dB for practical modulation orders as follows:

Ri = B log2 (1 + Pirx /N0 B)

(3.2)

where Ri is the data rate at candidate site i, B is the eNB bandwidth, Pirx is the
received power at candidate site i (computed using the PL model of 3.1), and N0
is the background noise power spectral density. Therefore, the vector of achievable
~ = (Ri : i ∈ Z).
rates at each candidate site is denoted by R
Each eNB j can use its air-time to serve the macrocell traffic and the traffic
demanded at the candidate sites. The fraction of air-time during 1 second that is
required to serve the macrocell users (not in the hot-spots) is denoted by Bj ; which
is assumed to be known based on network monitoring tools. This will provide a
remaining air-time fraction of 1 − Bj to serve the different hot-spots.
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Small Cell Dynamic Placement Strategies

The main objective of this work is to determine the optimal locations to deploy a
limited number of SBS among a set of candidate sites in a network of macrocells. In
addition, the proposed deployment strategies allow operators to dynamically change
the locations of SBSs when traffic demand and/or other performance parameters are
changed. We have two network goals: 1) to minimize the service delivery cost and
2) to minimize the macrocell resources consumed. Toward this end, we propose dynamic placement strategies (DPS) which are first formulated as two MILP to provide
benchmark solutions. Then, we develop two greedy algorithms for each network objective that achieve close to optimal performance. It is worth to mentioning that our
proposed strategies (optimizers and algorithms) run at the operator’s CN.

3.4.1

Decision Variables

We introduce a decision variable si to indicate if an SBS will be installed at candidate
site i. Therefore si is defined as follows:

si =




1, if a SBS is deployed at candidate site i

(3.3)



0, otherwise.
We also define an air-time decision variable xi which represents the fraction of BS
air-time (during 1 second) that is allocated to candidate site i. Since the achievable
throughput at site i is Ri [Mbps], the transmitted data during 1 second will be xi Ri .
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DPS Optimal Problem Formulations

A. DPS-Minimizing Delivery Cost (DPS-MinCost)
The objective of DPS-Minimizing Delivery Cost (DPS-MinCost) formulation is to
minimize the service delivery cost of network traffic.

Using optimization vari-

ables, the total data delivered per second through the MBSs can be expressed as
PA P
j=1
∀i∈Uj xi Ri ; whereas the total data delivered per second through the SBSs is
PZ
i=1 si Di . Note that it is assumed that the SBS backhaul is larger than the demanded traffic at each site, i.e., larger than max(Di ). The cost of delivering the data
is assumed to be proportional to the amount of data transmitted, with the delivery
cost through SBSs expressed as a fraction of the cost through MBSs [36, 37]. We
denote this factor by ζ, where common values for ζ are 3 to 5 [36, 37]. With these
definitions, the DPS-MinCost problem can be formulated as:


Z
A X
X
X
xi Ri +
si Di /ζ  .
minimize 
~
x,~s

j=1 ∀i∈Uj

subject to: C1:

Z
X

(3.4)

i=1

si ≤ N,

i=1

X

xi ≤ 1 − Bj ,

∀ j ∈ A,

C3: xi Ri + si Di ≥ Di ,

∀ i ∈ Z,

C2:

∀i∈Uj

C4: 0 ≤ xi ≤ 1,

si ∈ {0, 1}.

The objective function minimizes the service delivery cost by deploying SBSs in
hot-spots with high demands. Note that this is also equivalent to maximizing the
amount of offloaded traffic, i.e., traffic delivered through the SBSs. Constraint C1
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ensures that the total number of deployed SBSs is less or equal to the maximum
number of SBSs that the operator can deploy, which is denoted by N . Constraint C2
limits the allocated air-time to all SBS served by MBS j to 1 − Bj , where Bj is the
air-time used for the MBS traffic. The purpose of Constraint C3 is to ensure that
each candidate site receives its requested demand. As indicated in the constraint, this
can come from either the MBS or the deployed SBS. Finally, constraint C4 defines
the domain of the decision variables in Section 3.4.1.
By solving (3.4), the optimal subset of candidate sites will be selected for deployment, and the remaining candidate sites will be served by the MBSs.

B. DPS-Minimizing MBS Utilization (DPS-MinUtil)
The formulation in (3.4) minimizes the service delivery cost, but does not necessarily
minimize the load at the macrocells. This is our second objective, where a lower
macrocell load corresponds to less DL power consumption, or more resources for
other services. In order to minimize MBS resource utilization, the candidate sites
that require significant MBS air-time will be selected for deployment.
The ratio between the demand and the achievable rate for each candidate site,
i.e. Di /Ri , is is the main factor in MBS resource utilization. A candidate site with a
moderate demand maybe selected for deployment if it has a low Ri (indicating that
it is located at the cell edge). The DPS-Minimizing MBS Utilization (DPS-MinUtil)
problem can therefore be formulated as the following MILP:
minimize

Z
X

xi

i=1

subject to: C1 to C4.

(3.5)
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Here, the objective is to minimize the sum air-time fractions allocated to serve the
SBSs in the network of A MBSs, and similar resource and service constraints hold as
in (3.4).
The solution to (3.5) will determine the optimal subset of candidate sites that
minimize the total load of the MBS.
The preceding MILP provide a solution benchmark but require an optimization
solver to generate the results. We therefore present the following corresponding greedy
algorithms that achieve close to optimal performance.

3.4.3

DPS Greedy Algorithms

A. Greedy DPS-MinCost Algorithm
The Greedy DPS-MinCost algorithm is represented in Algorithm 1. The algorithm’s objective is to minimize delivery cost of mobile traffic, similar to the DPSMinCost formulation. The DPS-MinCost algorithm is divided into four stages. The
first stage is the pre-selection process (indicated in lines 4-9) where the constraint
violating candidate site(s) are included in a pre-selected set. Violating candidate
site(s) are the sites that if not considered in the SBS deployment solution S, will
either overload the macrocell resources (C2) or violate the demand satisfaction constraint (C3). The second stage, represented by lines 10-11, continues the selection
process of candidate site(s) based on their demands, where the ones with the highest
demands are considered first. The third stage, represented by lines 12-15, checks if
the resulting candidate site(s) selection S will not cause an overload to the macrocell
resources. If macrocell is overloaded (i.e., air-time consumed ≥ 1), the algorithm will
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Algorithm 1 Greedy DPS-MinCost
~ R,
~ N , Uj
1. Input: A, Z, D,
2. Output: S {deployment set}
3. Initial phase: no deployment solution
4. for j = 1 to A do
5.
check for deployment constraints C2, C3 and C4 in all candidate sites in Uj
6.
if candidate site(s) i violates any constraint then
7.
site(s) i are added to the pre-selection set P
8.
end if
9. end for
10. S = P
11. update S to include N − |P| additional site that have the highest demand
12. for j = 1 to A do
13.
check MBS j for the violation of deployment constraints; reallocate SBS(s) on
that macrocell j based on its candidate site(s) demands Di while considering
the needed air-time to match the demand
14.
update S based the reallocation process
15. end for
16. if a deployment violation still persist then
17.
add the highest demand candidate site(s) i from violating macrocell j to the
set P
18.
if |P| ≤ N then
19.
restart Algorithm 1 (with new values of P and S)
20.
end if
21. else
22.
return S as valid deployment solution
23. end if
24. return no feasible solution found
re-select other candidate site(s) within the problematic macrocell to resolve the overloading issue. Similar to the second stage, the re-selection process in the third stage
is conducted based on the demand. The rest of the algorithm (lines 16-22) checks
if there is a feasible SBSs deployment solution after applying the aforementioned
stages. If a solution is not available, the highest demand candidate site in the violating macrocell will be added to the pre-selection set and the algorithm re-performs
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the aforementioned stages.

B. Greedy DPS-MinUtil Algorithm
The Greedy DPS-MinUtil algorithm, represented in Algorithm 2, aims to minimize
macrocells utilization in the network, i.e., similar to the DPS-MinUtil formulation.
As in Algorithm 1, the Greedy DPS-MinUtil algorithm has a pre-selection stage
(indicated in lines 4-9) where all the violating candidate site(s) are included in a preselection set. Unlike Algorithm 1, where the remaining candidate site(s) are chosen
based on their demands, the Greedy DPS-MinUtil algorithm selects the remaining
candidate site(s) based on their fraction of air-time, as indicated in lines 10-11. If
the resulting SBS deployment solution does not violate the air-time constraints (as
indicated in line 12), the solution is returned as feasible.
Algorithm 2 Greedy DPS-MinUtil
~ R,
~ N , Uj
1: Input: A, Z, D,
2: Output: S {deployment set}
3: Initial phase: no deployment solution
4: for j = 1 to A do
5:
check for deployment constraints C2, C3 and C4 in all candidate sites in Uj
6:
if candidate site(s) i violates any constraint then
7:
site(s) i are added to the pre-selection set P
8:
end if
9: end for
10: S = P
11: update S to include N − |P| candidate sites with the highest xi
P
12: if
∀j then
∀i∈Uj xi > 1 − Bj
13:
Return S as the valid deployment solution
14: else
15:
return no feasible solution found
16: end if
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Performance Evaluation and Discussion

3.5.1

Simulation Setup

We consider a network with 7 MBSs (or eNBs) and 30 hot-spots (candidate sites).
Each eNB has a 0.5 km radius, a transmit power of 40 W and a transmission bandwidth of 10 MHz (according to the NGMN recommendations) [38, 39]. The locations of the candidate sites are randomly selected within the macrocells and the
traffic demand Di is randomly generated with a uniform distributed over the interval
[1 16] Mbps. A summary of the simulation parameters is provided in Table 3.2. We
use MATLAB as s simulation platform and Gurobi Optimization [40] to solve the
DPS MILPs. Simulation experiments are repeated 100 times to obtain the average
values of following metrics:
• Normalized total cost: the total delivery cost of data in the network, where
1 Mbps costs 1 cost unit through the MBSs and 1/5 units through the SBSs
(i.e., ζ=5).
• Macrocell offloaded traffic: the percentage of the total network traffic that is
offloaded to the SBSs.
• Macrocell resource utilization: the fraction of the MBS air-time consumed for
data delivery.
Note that for a given value of maximum SBS deployments (N ), it may not be
~
possible to find a viable deployment solution that satisfies all the site demands D,
i.e., Constraint C3 in (3.4). This occurs for instances where N is small and the sites
have high data demands. We quantify the percentage of successful SBS deployment
solutions for a given N in a deployment success rate metric.
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Table 3.2: Simulation Parameters
Parameter
B
Z
A
N
Path loss
eNB total transmission power
eNB inter-site distance
Background MBS traffic air-time
Candidate site demand Di

Normalizied Data Delivery Cost

150

Value
10 MHz
30 candidate sites
7 MBSs
Varied between 12 and 30
According to (3.1)
40 W
1000 m
uniformly distributed over [0 0.5]
Uniformly distributed over [1 16] [Mbps]

DPS−MinCost−OPT
DPS−MinUtil−OPT
DPS−MinCost−ALG
DPS−MinUtil−ALG

100

50

15

20
25
Number of Deployed SBSs N

30

Figure 3.2: Normalized delivery cost for varying SBS deployments.
3.5.2

Results

Fig. 3.2 shows the normalized data delivery cost for a varying number of SBS installations N . The service delivery cost decreases with increasing N for all the DPS
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Figure 3.3: Offloaded traffic percentage for varying SBS deployments.
approaches. This is because service delivery through SBSs is lower by ζ compared
to delivery via MBSs. We also observe that the DPS-MinCost approach achieves a
lower cost compared to the DPS-MinUtil approach, but converges as N increases.
The reason is that with many SBSs available for deployment, both DPS approaches
will have a large overlap in the selected SBSs, and the cost difference will diminish.
At N = 30, all the SBSs will be selected for installation since Z = 30. This is also
apparent in Fig. 3.3 which illustrates the macrocell offloaded traffic percentage, where
at N = 30 all the traffic is offloaded to SBSs.
From Fig. 3.3 we also observe that the lower cost is associated with more traffic being offloaded to the SBSs, which is in agreement with the discussion in Section 3.4.2.A.
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Figure 3.4: Macrocell resource utilization for varying SBS deployments.
Figures 3.2 and 3.3 also demonstrate how the greedy MinCost and MinUtil algorithms achieve close to optimal results.
In order to investigate the effectiveness of the DPS-MinUtil approach we plot
macrocell utilization fraction in Fig. 3.4. As indicated, the DPS-MinUtil formulation
and algorithm results consume less MBS resources. This is in spite of a higher data
delivery cost as illustrated in Fig. 3.2. Note that although the macrocells are less
loaded, the overall delivery cost is higher. The reason for this is that a hot-spot that
is near the macrocell may have a high traffic demand that can be served with low
air-time; hence an SBS will not be deployed in this site. This translates into more
data transmitted through the MBSs to CN, increasing the delivery cost.
Finally, in Fig. 3.5 we illustrate the deployment success rates for the DPS MILPs
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Figure 3.5: Deployment success rate for varying SBS deployments.
and the DPS algorithms. Although we have seen that the algorithms have close to
optimal performance, Fig. 3.5 indicates that they have a considerably lower success
rate for medium values of N . This implies that there are cases with viable SBS
deployment solutions which the algorithms are not able to generate. This is due to
the limited search scope of the algorithms to the violating macrocell. On the other
hand, the DPS MILPs extend their search scope beyond the violating macrocells, even
if this means having a deployment solution with a reduced performance. Therefore,
another direction for future work is to implement additional iterative subroutines in
the algorithms before ending the search procedure.
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Chapter Summary

In this chapter, we investigated the SBS placement problem in high demand outdoor
environments with the objectives of minimizing data delivery cost and macrocell resource utilization. We proposed two dynamic placement strategies that account for
the resource and service constraints, and formulated them as MILP optimization
problems. We then developed two greedy algorithms that achieve close to optimal
performance albeit with a lower solution success rate. A detailed performance evaluation of the proposed deployment strategies was conducted, and the trade-offs between
service delivery cost and MBS utilization were discussed. Our results demonstrated
that significant delivery cost and MBS utilization reductions are possible by incorporating the proposed SBS deployment strategies. At higher loads, it is recommended
to pursue a DPS that minimizes MBS utilization to allow the MBS to serve additional users if needed. On the other hand, a DPS that minimizes delivery cost is
operationally more efficient at lower loads, without violating site demands.
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Chapter 4
Analyzing the Performance Gains of
Mobile Small Cells1

4.1

Introduction

The number of users that are using their mobile devices, through mobile networks,
onboard public transit vehicles is growing exponentially [11, 2]. Such users may experience poor signal reception and low bandwidth due to Path Loss (PL), shadowing,
and Doppler shifts effect resulting from vehicle velocity and distance to MBSs. Improving onboard cellular coverage and capacity to satisfy mobile users is becoming
very challenging to operators. Also, mobile traffic from groups of moving users affects the MBSs’ performance [11]. Current research efforts have considered deploying
small cells in public transit vehicles including buses and streetcars (a.k.a, mobile small
cells) [43, 44]. Mobile small cells are introduced to boost coverage and capacity to
enhance vehicular users’ QoS.
In this chapter, we aim to study the impact of mobile cell deployments in public
transit vehicles by quantifying the potential performance gains. We consider an SBS
1

Parts of this chapter were published in [41, 42].
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Figure 4.1: An illustration of mobile small cell deployment
mounted in a public transit bus (i.e., mobSBS) to serve onboard users [11] with a
transmitter on the roof to communicate with MBSs. UEs communicate with the close
by mobSBSs(deployed in bus) instead of distant MBSs. The mobSBS communicates
with the MBSs through a wireless backhaul link. The mobSBS aggregates users’ traffic
to and from the MBS. An illustration of considered system scenario is presented in
Fig. 4.1.
We specifically choose to study Pairwise Error Probability (PEP) and Outage
Probability (OP) performance metrics as they are considered important indicators
in the assessment of UE’s QoS and power consumption. In addition to PEP and
OP, we examine the achievable performance gains from enabling aggregation through
mobSBS in terms of diversity gain, and distance advantage. We provide analytical
and simulation results to evaluate the performance gains of such a deployment. Our
results indicate that significant diversity gains are achievable, as well error and outages
rates are tremendously reduced. Our main contributions in this chapter are:
• We propose to deploy an appropriate precoder at the mobSBS in the vehicle to
overcome the degraded performance of the received signal in outdoor wireless
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links. Precoded transmission helps in extracting the underlying rich multi pathDoppler diversity inherited in this type of double-selective fading link.
• We derive tight-bound closed-form expressions for PEP and OP to act as benchmark to assess our analysis and future studies.
• We demonstrate the performance gains of mobile small cell deployment analytically and through simulation and compared with the typical transmission
scenario.
The rest of this chapter is organized as follow. In the next section, we review
related work. In Section 4.3, we provide our notations, network, propagation and
signaling models. Following in Section 4.4 and Section 4.5, we analyze the PEP and
OP, respectively. In Section 4.6, we provide performance evaluation and discussion.
We summarize the chapter in Section 4.7.

4.2

Related Work

Several research efforts have been made to analyze and evaluate the performance of
typical small cell deployments. For example, Elkourdi and Simeone [45] evaluate the
performance advantage of using fixed small cells as relays by communicating with
the MBS to improve and extend coverage for mobile users. A limited number of
researchers, however, have studied innovative mobile small cell deployment as an option. In the mobile small cell deployments, the mobSBS is connected to the operator’s
CN via satellite, WiFi, or MBS (similar to a mobile relay [46]). However, SBSs are
different than relays, as UEs will identify the mobSBSs as regular BSs and only communicate with them. Whereas in the relay scenario, the UEs are aware of the donor
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BS that the relay is communicating with [11]. Hence, unlike relays, mobSBSs work
as regular BSs and assign frequency and scheduling resources for UEs [43].
Mobile small cell deployments deal with several deployment aspects, such as: frequency allocation, handover for mobSBS between different MBSs, handover of the
group of attached UEs, and wireless backhaul link to MBSs. Sui et al. [11] study the
potential advantages of using moving cells to boost performance for UEs in transit
vehicles. In another work, Haider et al. [43] investigate the effects of using mobile
small cells in vehicles, specifically, they targeted the amount of signaling overhead
between mobile small cells and macrocells. Their results show that there is a large
saving in volume of the control signaling as the mobile small cell communicates with
the macrocells on behalf of onboard mobile users. Chowdhury et al. [44] propose deploying small cells in vehicles to improve the uplink throughput for mobile users. The
mobSBS is connected to the operator’s CN through MBSs or satellite, the communication is based on the available scenario. Results show that mobile small cells can
enhance QoS and maintain an acceptable level of Signal to Interference Plus Noise
Ratio (SINR). Karimi et al. [47] propose a scheduling algorithm to provide seamless
multimedia service for mobile users in high-speed trains through deploying small cells
onboard. The onboard small cells communicate with macrocells known before the
next cell to facilitate the seamless handover.
Existing research efforts, however, do not target assessing the performance gains
of mobile small cells. A quantitative performance analysis of such gain is needed.
Hence the work in this chapter.
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System Models

In this section, we provide notations used in this chapter, as well as our network,
propagation and signaling models.

4.3.1

Notations

We use the following notational conventions: (.)T denotes transpose operation, (.)∗
denotes conjugate operation and (.)H denotes Hermitian operation. E [.], |.| and ⊗
denotes expectation, absolute value and Kronecker product, respectively. Bold letters
denote the matrices and vectors. [H]k,m represents the (k, m)th entry of H. IN
indicates an N × N -size identity matrix. 1 and 0 represents, respectively, all-ones and
all-zeros matrix with proper dimensions. d.e and b.c denotes integer ceil and integer
floor operations, respectively. ∗ is the convolution operator.

4.3.2

Network Model and Assumptions

We consider DL transmission of an Orthogonal Frequency Division Multiplexing
(OFDM) HetNet that consists of a macrocell served by an eNB with an underlaid
mobile small cell that is served by a mobSBS as depicted in Fig. 4.1. The mobSBS is
installed on a bus with an outdoor antenna mounted on the bus’s rooftop to communicate with the distant eNB via a Decode and Forward (DF) relay assisted transmission.
The transmission here is half duplex; in the first step, the mobSBS decodes part or
the entire received signal. Whereas in the second step, the mobSBS re-encodes the
decoded message and forwards it to the UE. The onboard UEs communicate with
the mobSBS instead of communicating with the distant eNB.
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We propose to apply an appropriate pre-coder at the mobSBS in the bus to overcome the degraded performance of the received signal in outdoor wireless links. The
pre-coded transmission allows the extraction of the underlying rich multipath-Doppler
diversities resulting from the fast mobility and the associated double-selective fading
channel.
The link between the MBS and the mobSBS is called a wireless backhaul link
(MBS-to-mobSBS). It is a wireless radio interface for connecting the mobSBS with
the MBS through a transmitter mounted on the roof top of the vehicle (i.e., relay
transmission feature). The wireless link between the mobSBS and the UE is called
a wireless access link (mobSBS-to-UE). In the typical deployment, the wireless link
between the MBS and the UE is also called wireless access link (MBS-to-UE).
The mobSBS communicates with the onboard UEs and MBSs on two different
dedicated frequency bands. The mobSBS will be deployed by the operator and the
MBSs should be aware of the mobSBS and its associated UEs. The mobSBS has its
own physical cell-ID, so it appears to UEs as a different cell than the macrocell. UE
receive scheduling information and feedback directly from the mobSBS and sends its
control channel information to the mobSBS [43]. The mobSBS transmits information
on its own control channels to the serving MBS [43].

4.3.3

Propagation Model

A. MBS-to-mobSBS (M → S) Link
The outdoor antenna of the mobSBS receives signals from the MBS. We consider
the propagation model to be as a fast fading Rayleigh channel (i.e., None Line of
Sight (NLOS)) and can be derived from the COST-Hata-model [48] as
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(4.1)

− a (hS ) + [44.9 − 6.55 log10 hM ] log10 dM S + G,
where P LM S is the median path loss between mobSBS and MBS in dB, fM is
the frequency used between MBS and mobSBS in MHz, hM is the MBS antenna
height, hS is the mobSBS antenna height, dM S is the distance between mobSBS and
MBS in meters, G = 3 dB for urban areas, and a (hS ) = (1.1 log10 (fM ) − 0.7) hS −
(1.56 log10 (fM ) − 0.8).
B. mobSBS-to-UE (S → U) Link
Onboard UEs receive signal from mobSBS. The PL model in this case is considered
as a Line of Sight (LOS) fading channel and can be derived from a modified Keenan
Motley model [49] as

P LSU (dB) = 32.5 + 20 log10 (dSU ) + 20 log10 (fS ) ,

(4.2)

where P LSU is the median path loss between mobSBS and onboard UEs in dB, dSU
is the distance between mobSBS and onboard UEs in meters, and fS is the frequency
used between mobSBS and UEs in MHz.
C. MBS-to-UE (M → U) Link
Similar to the (M → S) model with takes into account additional parameters, as UEs
are inside vehicle, the propagation model in this case can be represented as
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P LM U (dB) = 46.3 + 33.9 log10 (fM ) − a (hU )
+ [44.9 − 6.55 log10 hm ] log10 dM U

(4.3)

+ G (Lsh + Lpen ) ,
where hU is the UE antenna height, dM U is the distance between MBS and the UE
in meters, Lsh is the shadowing standard deviation, Lpen is the penetration loss, and
a (hU ) = (1.1 log10 (fM ) − 0.7) hU − (1.56 log10 (fM ) − 0.8).
Henceforth, and for simplicity, the aforementioned links are represented as M →
S, S → U and M → U , respectively.
4.3.4

Transmission and Signalling Models

Discrete Fourier Transform (DFT) is applied to convert the time-sampled OFDM
signal into frequency domain. The discrete finite sequence of complex coefficients is
given by
(N −1)
1 X
x (k) e−jwk , n = 0, . . . , N − 1,
s (`) = √
N k=0

(4.4)

where N is the total number of the orthogonal subcarriers, x(k) is the k th modulated
data symbols, and wk = 2π`k/N . The Basis Expansion Model (BEM) is then used
to denote discrete-time baseband equivalent channel for the doubly-selective channel
under consideration, and is given by

hB (`; l) =

Q
X

hq (n; l) ejwq , l ∈ [0, L] ,

(4.5)

q=0

where wq = 2π` (q − Q/2) /N and hq (n; l) is the zero-mean complex Gaussian. `
denotes the index of the data symbols. The block index is given by n = b`/Nt c, the
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number of the resolvable multipath components is given by L = dτd /Ts e, and the
number of Doppler phase shifts is given by Q = dNt Ts fd e, where Ts is the symbol
duration. hq (n; l) in (4.5) is modeled by channel autocorrelation function and is given
by the following expression

2

R(τ ) = σ J0



2π
v1 τ
λ




J0

2π
v2 τ
λ


,

(4.6)

where J0 (.) is the zero order Bessel function, and the maximum velocities for the
two communicating terminals are v1 and v2 , since we have a stationary MBS antenna
(i.e., v1 = 0. Assuming single Rayleigh distribution with a single Doppler, the power
spectrum and time correlation mathematical functions reduce back to have the autocorrelation function and the power spectrum of the complex envelope is given by
R(τ ) = σ 2 J0 (2πv2 τ /λ).
Expressions (4.4) and (4.5) can be represented as
Q (N −1)
1 X X
√
hB (`; l) s (`) =
hq (n; l) x (k) e−jw ,
N q=0 k=0

(4.7)

where w = 2π` (k + q − Q/2) /N .
The input data blocks generated from the Multi-level Quadrature Amplitude Modulation (M-QAM) constellation, with length of Nt are divided to shorter sub-blocks
with length Ns . We denote each sub-block by s(n). The values s(n) are the input
to a linear precoder Θ with size of Ns × Nt , (Ns = P Z, and Nt = (P + Q)(Z + L)).
(0)

(0)

We define HM S,q and HSU,q as the lower triangular Toeplitz channel matrices with
entries given by equation (4.5). LM S and LSU are the channel multipath lengths for
M → S and S → U links, respectively. Whereas QM S and QSU represent the number
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of resolvable Doppler components for the aforementioned links.
The received signal at the mobSBS can be written in matrix form per

yM S (n) =

p

GM S Es

Q
X

(0)

D(wq )HM S,q (n) u (n) + nM S (n) ,

(4.8)

q=0

where u(`) = Θs(`) are the transmitted data blocks, Es is the modulated symbol
energy, Q = max (QM S , QSU ), D(w) := diag[1, . . . , exp(jw(Nt − 1))] and nM S (n) is
M → S Additive White Gaussian Noise (AWGN) vector with entries of zero mean
and N0 /2 variance. After using the commutatively of products of Toeplitz matrices
(0)

with vector, we can exchange HM S,q (n)u(n) to U(n)hSU,q (n). We can then rewrite
the expression in (4.8) as

yM S (n) =

p

GM S Es

Q
X

D(wq )U (n) hM S,q (n) + nM S (n) .

(4.9)

q=0

T
After defining the augmented matrices hM S (n) = [ hT
]T
M S,0 (n) · · · hM S,Q (n)

and Φ(n) = [ D(w0 )U(n) · · · D(wQ )U(n)] , we get
yM S (n) =

p

GM S Es Φ (n) hM S (n) + nM S (n) .

(4.10)

During the relaying stage, the mobSBS’s received signals is fed to Maximum Likelihood (ML) detector and is given by
(
arg min
s̄

yM S (n) −

√

GM S Es

Q
P
q=0

2
(0)

D(wq )HM S,q (n) Θs̄

)
,

(4.11)

with s̄ by means of all possible signal block combinations. We apply an “ideal DF”
relaying at the mobSBS. The mobSBS then forwards a fresh decoded version of the
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received precoded signal, i.e., u̇(n). Hence, the received signal during the relaying
stage at the UE is given by

ySU (`) =

p
GSU Es hSU ṡ(`) + nSU (`) ,

(4.12)

where nSU (`) is the associated S → U AWGN vector with entries of zero mean and
N0 /2 variances. Then, ML detection will be performed at the UE.

4.4

Pairwise Error Probability (PEP) Derivation

In this section, we study the Pairwise Error Probability (PEP) performance for UEs
with mobile small cell deployment. PEP is the error probability that for a transmitted
signal (S) its corresponding but distorted version (Ŝ) will be received.
The PEP at the UE is given by [50]

 






P S → Ŝ ≤ 1 − PM S S → Ŝ PCoop S → Ŝ + PM S S → Ŝ ,

(4.13)

where (Ŝ) represents the decoded data matrix instead of the original transmitted




data, P S → Ŝ is the end-to-end PEP, PM S S → Ŝ is the PEP of the M → S


link, PCoop S → Ŝ is the PEP of from the cooperative link, i.e., M → S and S → U
in the case that the mobSBS detects the signal correctly but the signal that results
from the cooperative link is detected incorrectly. Then, the PEP in (4.13) can be
upper bounded [50] as follows






P S → Ŝ ≤ PCoop S → Ŝ + PM S S → Ŝ .

(4.14)

Reference [51] gives the conditional PEP for each individual term in (4.14) as
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follows
r
P (S → Ŝ h) = Q


1 2
d S, Ŝ h
.
2N0

(4.15)

Using the approximated bound proposed in [52], the expression in (4.15) can be
approximated by the following expression
3
X


ρm 2 
P S → Ŝ h ≈
εm exp −
d S → Ŝ h ,
4N
0
m=1






where ε1 = ε2 = 2ε3 = 1/12, ρ1 = 12
√ 
2 3 π.

√

(4.16)

√ 

3 − 1 π, ρ2 = 4 3 − 3 π and ρ3 =

The Euclidean distance conditioned on the fading channel coefficients is



H 



d2 S → Ŝ h = hH S − Ŝ
S − Ŝ h. Starting with PCoop S → Ŝ h , expression (4.16) can be rewritten as


PCoop S → Ŝ hSU



3
X


GSU hH
SU χhSU
εm exp −ρm
≤
γ ,
4
m=1


(4.17)

where χ = ṡH ṡ − ˆ
ṡHˆ
ṡ and γ = Es /N0 is the transmitted symbol SNR.
Now, we need to average (4.17) over hSU . Note that the channel autocorrelation matrix is given by Rh,SU := L × E[hM U hH
M U ], and the channel rank is ra :=
rank(Rh,SU ) = 1. From expression (4.14), averaging the result expression with respect to |hSU | which is Rayleigh distributed, we obtain the following expression

PCoop



3
X


−1
1
.
S → Ŝ ≤
εm 1 + ρ m γ
4
m=1


(4.18)

Similarly, we need to average equation (4.16) over hM S by using the eigenvalues
decomposition. Hence, we obtain the following expression

4.5. OUTAGE PROBABILITY (OP) DERIVATION





PM S S → Ŝ ≤

3
YrM S −1 X
k=0

εm

m=1
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αk −1
1 + ρm GM S γ
,
4

(4.19)

where the eigenvector of h̄M S is D̄M S := diag[α0 , α1 , . . . , αrM S −1 ] and rM S is the




channel rank of hM S . Substituting PCoop S → Ŝ and PM S S → Ŝ in (4.14), we
have the end-to-end PEP expression as follows


P S → Ŝ
3
3
−1 P
−1
QrM S −1 P
≤ k=0
εm 1 + ρm GM S α4k γ
+
εm 1 + ρm 14 γ
.
m=1

(4.20)

m=1

However, at relatively high SNR values, we observe from (4.20) that an asymptotic
gain of Dgain = min (rM S , 1) = 1 is achievable.
We also provide the PEP expression for non-precoded signal through the direct
link between MBS to UE (M → U ) for the sake of comparison as




Pd S → Ŝ ≤

3
X


εm

m=1

βk
1 + ρm GM U γ
4

−1
,

(4.21)

where βk is the time-selective channel associated random variable in the MBS-toUE link (M → U ), and modeled by a short-term fading coefficient. The receiving
UEs have low elevation antennas and are located within a highly scattered area;
accordingly the channel is characterized as single Rayleigh-double Doppler. We adopt
the double-ring channel model of which assumes that the scattering reflectors lay
uniformly over a ring around the UE [53].

4.5

Outage Probability (OP) Derivation

In this section, we study the performance of Outage Probability (OP) for UEs with
mobile small cell deployment.
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The PEP [50] at the UE is given by




Pr S → Ŝ hM S , hSU ≤ PM S S → Ŝ hM S , hSU





+ 1 − PM S S → Ŝ hM S PCoop S → Ŝ hM S , hSU ,

(4.22)

which is the error probability that for a transmitted signal (S) its corresponding but
distorted version (Ŝ) will be received. Where
instead of the original transmitted data,
is the PEP of the M → S link, PCoop

Ŝ

represents the decoded data matrix



P S → Ŝ



S → Ŝ

is the end-to-end PEP,



PM S S → Ŝ

is the PEP of the relaying link, i.e., M → S

and S → U. In the case where the mobSBS detects the signal correctly but the signal
that results from the cooperative link is detected incorrectly, the PEP in (4.22) can
be upper bounded as follows [50]












Pr S → Ŝ hM S , hSU ≤ PM S S → Ŝ hM S + PSU S → Ŝ hSU .

(4.23)

The conditional PEP for each individual term in (4.23) is given by [53]
r
P (S → Ŝ h) = Q


1 2
d S, Ŝ h
.
2N0

(4.24)

Using the approximated bound proposed in [52], the expression in (4.23) can be
approximated using the following expression

3

 X

ρm 2 
P S → Ŝ h ≈
εm exp −
d S → Ŝ h ,
4N
0
m=1
where ε1 = ε2 = 2ε3 = 1/12, ρ1 = 12
√ 
2 3 π.

√

(4.25)

√ 

3 − 1 π, ρ2 = 4 3 − 3 π and ρ3 =

The Euclidean distance conditioned on the fading channel coefficients is
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H 

S → Ŝ h = hH S − Ŝ
S − Ŝ h.

Using Eigen value decomposition [54], we get
P S−1
= GM S M
λj |βjM S |2 and γSU = GSU hH
SU χhSU =
j=0

γM S = GM S hH
M S χhM S
P SU −1
GSU rk=0
αk |βkSU |2 . From (4.23), we have




P S → Ŝ γ̇M S , γ̇SU ≤

3
X

εk e−ρm

γ̇M S +γ̇SU
4

,

(4.26)

k=1

where γ̇M S = γγM S and γ̇SU = γγSU are the SNR resulting from the M → S and
S → U, respectively.
Define γ̇ = γ̇M S + γ̇SU as the total end-to-end SNR. The pdf of γ̇ is given by

f (γ̇) = f (γ̇M S ) ∗ f (γ̇SU ) ,

(4.27)

where γ̇M S and γ̇SU are a summation of weighted independent exponential distributed
random variables and following the hypoexponential distribution also known as the
generalized Erlang distribution. The pdf of γ̇SU [55] can then be calculated and results
in the form
fγM S (x) =

rM
S −1
X





j3 =0
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S −1
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Similarly we have
fγSU (x) =
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X
j3 =0








αk

αj e−λj3 x .
(αk − αj3 ) 3

rSU
Y−1
k6=j3
k=0
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From (4.29), (4.28) and (4.29) we have the following expression
fγ̇ (x) =
rMP
S −1 rSU
P−1
j1 =0

j2 =0




rMQ
S −1
k6=j1
k=0



rSU
Q−1

λk
λ 
(λk −λj1 ) j1

k6=j2
k=0


αk
α e−(λj1 +αj2 )x .
(αk −αj2 ) j2

(4.30)
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Wireless transmission is constrained by a regulated transmission power, which
limits the size of the coverage area. We show that relaying the transmission using a
mobSBS’s transmitter mounted on the bus’s roof top can improve the quality of the
received signal. The outage probability Pout is the measurement of probability that
an error exceeds a specified value γ̇th .
γ̇Rth
fγ̇ (γ̇) dγ̇ [56] is the Cumulative Distribution Function (CDF) of γ̇,
Pout =
0

namely Fγ̇ (γ̇th ). By defining our un-normalized aggregate channel model which takes
into account both path-loss and small-scale fading, the relative geometrical gain are
−α
−α
re-defined as GM U = d−α
M U , GM S = dM S and GSU = dSU These can be related to one
−2/α

−2/α

another through the cosine theorem GM S + GSU

−1/α

−1/α

−2/α

− 2GM S GSU cos θ = GM U ,

and assuming a normalized gain for a distance [57]. Hence γM U = GM U hH
M U χhM U =
PrM U −1
λp |βpM U |2 .
GM U p=0
The Outage Probability (OP) is given by the following expression

Pout =

rms
P−1 rsu
P−1
j1 =0 j2 =0




rms
Q−1
k6=j1
k=0


λk

(λk −λj1 )

λj1  

rsu
Q−1
k6=j2
k=0


αk

(αk −αj2 )

αj2 e−(λj1 +αj2 )γ̇th .

(4.31)

As defined earlier, the entries in α’s and κ’s are the eigenvalues that models the

H 

S − Ŝ
S − Ŝ

vectors. From the definitions, we find that



S − Ŝ ṡ

holds the values of

GM S and GSU i.e., the relative geometrical gains for the M → S and S → U links,
respectively, which is a function of the underlying link distances dM S and dSU .
Hence, the underlying link distances can be shown as an effective parameter on the
resulting OP of mobile small cell scheme. In fading channels, the received signal has no
constant power gain, and can be described by the probability model described above.
Hence, the SNR also becomes a random variable and thus the maximum capacity of
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Table 4.1: Summary of Simulation Parameters
Parameter
fM [MHz]
fS [MHz]
hM [m]
hS [m]
Lsh [dB]
Lpen [dB]

Value
2500
2600
20
2
8
9.6

the channel becomes a random variable. OP shows, according to the variable SNR
at the received end the probability that a transmission rate or a specified threshold
cannot be supported.

4.6

Performance Evaluation and Discussion

In this section, we present some numerical results using MATLAB as a simulation
platform to substantiate the performance analysis above. The performance is compared with a baseline scenario (i.e., vehicular UEs are served by MBSs), where the
mobile small cells are not present. We consider carrier bandwidth to be 100 MHz while
considering Quadrature Phase-Shift Keying (QPSK) modulation [58]. Unless otherwise stated, we consider fM = 2.5 GHz and fS = 2.6 GHz , Ts = 500µs, v = 60 km/h,
α = 3.67, θ = π,τd = 1.328 µs [59], and GM S /GSU = −30 dB. Table 4.1 provides
a summary of simulation parameters used. We assume perfect channel state information is available at the mobSBS and the UEs. We use the precoder Θ with
parameters P = 2 and Z = 2. This results in [LM S , QM S ] = [1, 1] for M → S link.
While for the S → U link we have a frequency-time flat fading channel that results
in [LSU , QSU ] = [0, 0].
With the precoder parameters P = 2 and Z = 2, the input data blocks s (n)
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Figure 4.2: Comparison of the derived PEP and the exact PEP.
is of length Ns × 1 (i.e., P Z) and the output of the precoder u (n) is of length
Nt × 1 (i.e., (P + Q) (Z + L)). We then have the precoder output rate equal to
Ns /Nt = P Z/((P + Q) (Z + L)).
In Fig. 4.2, we compare PEP in mobile small cell scenario with the baseline scenario. We also compare the derived PEP expression (4.20) and (4.21) to the exact
expression (4.15). Exact PEP can be found by taking the expectation of the unconditional PEP numerically through the random generation of h with proper statistics.
We observe that the derived PEP provides a tight upper bound on the exact one with
about ' 0.5dB difference. A power consumption saving is clearly observed of using
mobile small cell. For example at PEP = 10−2 a transmitting power consumption
saving of 10 dB, is showed compared to the baseline, i.e., M → U. The UEs in the
baseline scenario have to communicate with the MBS with a higher transmit power.
While in the mobile small cell scenario, the UEs communicate with the mobSBS with
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Figure 4.3: Comparison of the derived OP and the exact OP.
lower transmit power to achieve the same error rate.
In Fig. 4.3, we compare the derived outage expression (4.31) with the exact outage
expression for the mobile small cell scenario verse the baseline scenario. The exact
outage can be found by taking the integration numerically for received signals SNR
Probability Distribution Function (PDF)’s [53], through random generation of all the
underlying links, i.e., hM U , hM S and hSU , and using proper statistics via numerical
techniques. In the first transmission phase of the mobile small cell scheme, the MBS
transmits its precoded signal to the mobSBS’s transmitter. In the second transmission
phase, the mobSBS is engaged in forwarding the received signal to the onboard UEs
only if it was decoded correctly, otherwise the mobSBS is silent.
The mobSBS decodes and then forwards a newly decoded copy of the precoded
signal to the UEs. In practice, the mobSBSs can decide that an incorrect decision
has been made through Cyclic Redundancy Check (CRC) deployment. Significant
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Figure 4.4: Comparison of the distance advantage.
improvements are observed through our precoded transmission using the mobSBS,
which takes advantages of diversity gains in the M → S link which improves the
outage performance at lower SNR compared to the baseline scenario. For example at
a target outage rate of 10−2 , mobile small cell scenario is 4 dB superior to the baseline
scenario. At high SNR region, i.e. SNR > 8 dB, a power gain advantage of 4 dB is
observed using mobSBS. Our outage unconditional derived closed form presents a
tight bound to the exact conditional outage.
Fig. 4.4 shows the coverage extension gains when using mobile small cells compared to the baseline scenario using the OP expression in (4.31), for γ = 10 dB and
γ̇th = 5 dB [60]. Since mobile small cell uses two transmission phases, we doubled the
power for the reference curve for a fair comparison. For OP of 10−4 , coverage extension advantage ' 0.3 km is observed for mobile small cell compared to the baseline
scenario.
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Chapter Summary

In this chapter, we investigated the potential performance gains of mobile small cells
for vehicular UEs. We proposed to deploy a precoded transmission technique to
extract the underlying rich multipath-Doppler-spatial diversity. We chose to study
Pairwise Error Probability (PEP) and Outage Probability (OP) as they are considered
important indicators to assess UE’s QoS. We derived a tight-bound closed-form
expression for PEP and OP. Further, we provided an analytical and simulation
results to assess our derived closed-form expressions. Our derived closed-forms were
shown to be tight as proved by our simulation results. Hence, our derived forms can
act as benchmarks for future studies. Finally, our results demonstrated significant
performance gains are achieved by using mobile small cells with proper precoding.
Specifically, pairwise error and outages rates are tremendously reduced, in addition,
a significant diversity gain and distance advantage achieved.
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Chapter 5
Data Offloading Framework Using Mobile Small
Cells and Urban WiFi1

5.1

Introduction

As aforementioned, mobile data traffic generated by onboard users in public transit
vehicles is increasing and representing a considerable amount of the global mobile
data traffic [11]. Since mobile small cells have been proposed to enhance coverage
and capacity to mobile users onboard, these cells could be integrated with other data
communication technology to provide an efficient offloading solution for data traffic
generated in public transit vehicles.
In this chapter, we propose a novel offloading framework that allows mobile operators to offload a portion of data traffic generated by mobile users in public transit
vehicles by using mobile small cells and city-wide WiFi. We propose to utilize mobile
small cells in our framework based on their ability to improve cellular performance
demonstrated in Chapter 4. This framework aims to offload users’s data that is intended to be transferred through macrocells using WiFi. We propose to deploy SBSs
1

This chapter was previously published in [61, 62].
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onboard public transit vehicles (mobSBSs) as in Chapter 4. In addition, mobSBSs
have WiFi transmitter(s) that is installed on the rooftop of the vehicle to provide
backhaul access for the mobSBS by connecting to urban WiFi Access Points (APs)
(which are widely used and already cover many urban cities [63]). Hence, routing mobile data traffic to the operators CN, through WiFi, to relieve overburdened
macrocells. Further, we incorporate WiFi coverage maps and users’ service history
profile in the proposed offloading framework in order to make the offloading process
more efficient. As a result, the traffic on the cellular network is reduced and gets
geared towards WiFi networks. Our simulation results show that our framework is
able to boost the amount of offloaded data traffic from the macrocells while maintaining appropriate levels of MBSs and mobSBSs utilizations. In addition, it shows
a significant enhancement in terms of total offloaded traffic in comparison to typical
offloading approaches in which users’ service history was not considered.
To the best of our knowledge, this is the first mention of a framework utilizing
WiFi as a backhaul for mobile small cells towards offloading macrocells data traffic.
Our main contributions in this chapter are the following:
• We propose to use mobile small cells in a novel offloading framework to relieve
overloaded macrocells from data traffic generated by mobile users in public
transit vehicles by utilizing urban WiFi as a backhaul.
• We further contribute by coupling WiFi coverage maps and users’ service history
profile and incorporate them in the offloading decision process.
The remainder of this chapter is organized as follows. We review prior work in
Section 5.2. In Section 5.3, we present our system models and assumptions. We
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describe our proposed framework and its components and operational procedures in
Section 5.4. Performance evaluation is given in Section 5.5 followed by the chapter
summary in Section 5.6.

5.2

Related Work

Most mobile operators have started to implement data offloading solutions in their
networks [64, 24, 25]. Generally, small cells and WiFi networks have been considered
as the two prominent data offloading solutions for mobile operators [64, 65]. Recently,
mobile small cell deployments have been introduced by several researchers as a coverage extension solution in vehicles. As we have shown in chapter 4, mobile small cells
have a great potential to improve mobile users’ QoS. However, mobile small cells do
not solve the data traffic issue, as the amount of data traffic that transfer through
MBS is not really reduced, because mobSBSs communicate with the operators CN
through the MBS.
Nowadays, numerous cellular operators have included WiFi hot-spots as part of
their networks, such as Verizon wireless in the USA [63, 66]. Also, there are a large
number of WiFi carriers (such as Boingo wireless and FatPort WiFi) which provide
commercial coverage and hot-spots in different areas, such as urban downtown and
public areas. WiFi offloading solution has been considered as an essential technology
to relieve mobile networks [25].
Fitzpatrick [67] studies the feasibility of using long range WiFi as a backhaul
for fixed femtocells in rural areas. They show that this solution can reduce the
deployment and operational expenditures for mobile operators in rural areas. The
survey presented in [66] stresses the utility of WiFi as a backhaul for BSs in the
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mobile networks. Bennis et al. [65] propose that SBSs steer their between cellular
and WiFi based on the traffic type and network load. UEs may communicate with
the SBSs by cellular or WiFi.
Recently, as IEEE 802.11a/c standards and next generation hot-spots of WiFi enable secure communication and seamless switching between different APs [66], several
researchers work have proposed the use WiFi as a data offloading solution in vehicles [68, 69, 70]. However, there are limitations of using WiFi directly with mobile
users
• The vertical handoff between mobile and WiFi networks is not seamless for
mobile devices.
• The need for dual-mode devices, hence backward compatibility with legacy
mobile devices is infeasible.
• Mobile users would need to subscribe to two plans, one for the cellular network
and another for the WiFi carrier, if not provided by the mobile operators.
Therefore, our framework allows onboard UEs to communicate with mobSBS and
utilizes WiFi as backhaul for mobSBSs to offload data traffic, while considering the
aforementioned limitations.

5.3

System Models

In this section, we present our network model, underlying assumptions, and traffic
model.
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Figure 5.1: Mobile small cells utilizing WiFi scenario overview.
5.3.1

Network Model and Assumptions

We consider a HetNet with DL transmission in an urban area that consists of a set
of M MBS, denoted by M = {m1 , m2 , . . . , mM }, and a set of N mobSBS, denoted
by S = {s1 , s2 , . . . , sN }. An arbitrary MBS is denoted by mj ∈ M and a mobSBS
by sl ∈ S. Each mj ∈ M serves a macrocell and each sl ∈ S is deployed in a
transit vehicle (e.g., bus). mobSBSs are regular SBSs installed onboard vehicles with
two transmitters mounted on the vehicle’s rooftop. One transmitter to communicate
with MBSs (as in Chapter 4) for control signalling, and the other is utilized for WiFi
communication with city-wide WiFi APs to provide backhaul access to the mobSBSs.
mobSBSs are registered in all WiFi APs and they have preemptive priority in accessing
roadside WiFi APs. Fig. 5.1 provides an overview of the consider scenario.
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Traffic Model

We define a set of K UE, denoted by U = {u1 , u2 , . . . , uK } where an arbitrary UE is
denoted by uq ∈ U. In order to reflect practical ongoing traffic generated by onboard
UEs, we assume an average arrival rate of λ [71]. We also define a set of Y data
classes, represented by C = {c1 , c2 , . . . , cY }, where ct is the tth data class. ωt denotes
the bandwidth allocated for each data class ct and the allocated bandwidth set is
represented by ω = {ω1 , ω2 , . . . , ωY }.

5.4

Data Offloading Framework

As in Chapter 4, mobSBSs offer cellular coverage for UEs onboard and they have
WiFi transmitter to communicating urban WiFi APs. The mobSBS is the entity
that access the WiFi hot-spots instead of each user accessing these WiFi hot-spots.
Hence, there is no need for users to have dual-mode access, which makes it easier in
terms of managing, billing and security. Our framework aims to offload users’ data
that is intended to be transferred through macrocells using WiFi. Before delving into
details of the proposed framework, we describe the two main components that our
framework based on; WiFi coverage map and user’s service history profile.

5.4.1

WiFi Coverage Map

The WiFi coverage map is an indictor which represents the signal strengths and
achievable data rates at different geographical locations. The WiFi coverage map
assumed to be available to the operator and would contain the average data rates at
different network locations. These maps are similar to the coverage or radio maps
with many openly accessible online, e.g., Ekahau Heat Mapper [72]. A real example
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Figure 5.2: An example of WiFi coverage map.
of a WiFi coverage map provided by XFINITY WiFi [73] in Brooklyn, NY, USA
is shown in Fig. 5.2. We exploit these maps and use a simple representation of the
WiFi by a parameter called WiFi Availability Time (WAT). WAT represents the time
duration in which there will be WiFi coverage for the mobSBSs in a certain area. This
parameter can be predicted based on the mobSBS’s location, direction of the vehicle,
and the predefined WiFi coverage locations [68, 63]; given that the routes of public
transit vehicles are predetermined. We suppose that there will be a fixed data rate
when there is WiFi coverage.

5.4.2

User’s Service History Profile

The service history profile, of all users, is a log file that is available at the network’s
operator database [74]. The structure of the log file is shown in Fig (5.3). The log
file consists of a user-id, services and service usage average time. The service field
represents the service type (e.g., HTTP session, VoIP), while the service usage average
time field represents the average length of time a specific service is being used. This
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Figure 5.3: Mobile user service history profile
profile is exploited by our proposed framework to estimate user data demands based
on his/her service usage history.

5.4.3

History-based Offloading Technique (HOT)

We adopt a history-based approach to increase the number of offloaded mobile users
and/or the amount of data traffic offloaded from macrocells, while maintaining efficient MBSs and mobSBSs utilizations. The History-based Offloading Technique
(HOT) proactively makes a decision to offload traffic to WiFi. This is accomplished
by coupling the WiFi coverage maps and users service history profiles. This leads
to a reduction of the overhead from offloading traffic demands that cannot be met
with non-incessant WiFi coverage. HOT takes into consideration each user’s service
history and the corresponding WAT of a vehicle equipped with an mobSBS and the
available backhaul rate B of a mobSBS.
The proposed history-based approach decides to offload users based on their current request and their previous history usage time (AT t,q ) with the same type of data
class (Ct,q ), which increase the number of UEs being offloaded in a certain instance
of time. We integrate these components to choose UE(s) that are most useful to be
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Figure 5.4: Proposed offloading framework overview
offloaded using the Effective Utilization (EU ) equation as follows.
Ct,q/
AT t,q
.
EUq =
,
B(mobSBS)j
W AT j

(5.1)

where UE with the higher EU ratio will be given a higher priority to be offloaded to
the mobSBS.

HOT Operational Phases
The proposed offloading framework has four main phases, as shown in Fig. 5.4: (1)
Initiation phase, (2) Classification phase, (3) Processing phase and (4) Offloading
phase.
1) Initiation Phase
When a uq enters a vehicle, the uq senses a mobSBS sl and report the cell-id to the
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serving MBS mj to be switched to or to select the sl as serving BS. These handoff/selection procedures could be initiated based on different parameters, including
but not limited to a predefined condition by the operator [75], SNR, Received Signal
Strength (RSS) and Received Signal Code Power (RSCP).
2) Classification Phase
After a MBS (mj ) receives a uq request, it checks the uq status. The UE status
is idle when the UE has no ongoing session or active when the UE has an ongoing
voice call or data session. In our framework, we only aim to offload active UEs
with data session, as an idle UE and UEs with voice call have light resource and
power requirements. UE data requests are classified into different classes based on
the application requirements. Following, uq assigned to a set of candidate UE (CU l )
to be offloaded to sl . sl checks the W ATl at this location and compares it with the
average service history usage time (att ) for the same data class (ct ).
The mj then calculates the Effective Utilization (EU ) ratio (as in (5.1)) for each
UE in CU l . Further, mj will insert each UE in CU l into the target sl ’s queue (Ql )
based on the EU ratio. The UE with the highest EU ratio is given a higher priority
for offloading to mobSBS. In the 3GPP LTE standard [76], there is a queue for each
UE in the MBS. We make use of these queues for mobSBSs by maintaining a queue
for each data type (see Fig. 5.4)
3) Processing Phase
The mobSBS sl checks its queue on the MBS (mj ) periodically to start offloading
CU l based on two conditions. First, the current number of UE (sU l ), which are
connected to a sl should be lower than the maximum number of UEs (sU maxl ) that
sl can simultaneously accommodate. Second, the current used bandwidth (sU B l ) of
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sl in addition to the requested bandwidth (ωt ) should be less or equal to the available
bandwidth of the sl (sB l ). Once these two conditions are met, sl accepts CU l , then
increases (sU l ) and inform (mj ). Otherwise, CU l is inserted (delayed) in sl local
queue (LQl ).
4) Offloading Phase
The mj transfers the accepted CU l to the sl and updates the queues. The LQl will
be checked after each sub interval interval and based on the bandwidth available due
to time completion of previously offloaded users. There are some cases where WiFi
signal strength degrades below a certain threshold. In such case, the sl asks the mj
to transfer the set of its associated users.

HOT Algorithms
Algorithm 3 represents the Classification phase at MBS mj . When a trigger condition
is satisfied, the serving mj checks uq status as indicated in lines 3-7. If uq status is
active with data request, uq is assigned to the set of candidate UE CU l to be offloaded
to sl as indicated in line 9. Then, mj classifies the CU l into different data classes ct
and returns the associated data class. As a result, a ct will be associated with each UE
in CU l as indicated in line 10. WiFi availability time W ATl is checked and compared
to the (AT t ) of the same data class requested (lines 11-12). mj calculates the EU of
each UE individually and then insert the CU l into the Ql based on their EU ratio as
indicated in lines 13-14. Finally, mj calls the function Processing as indicated in line
15.
sl decides to accept or delay CU l based on the Processing function detailed in
Algorithm 4. sl checks its Ql in the mj as in line 8. sl checks its availability bandwidth
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Algorithm 3 Classification at MBS mi
1: Input: uq , Sl
2: Output: Ql {}
3: Check Uq status
4: if uq is idle then
5:
Ignore {i.e., keep connected to mi }
6: else if uq has voice call then
7:
Ignore {i.e., keep connected to mi }
8: else
9:
Assign uq to CU l
10:
ct = Classify (CU l )
11:
Check W AT l
12:
if W AT l ≥ att then
13:
Calculate EU {based on (5.1)}
14:
Insert CU l in Ql
15:
Processing (sl , Ql )
16:
else
17:
Keep connected to mj
18:
end if
19: end if
and total number of accommodated UEs as indicated in line 9. If sl chooses to
accommodate CU l , it informs the serving mj to transfer the data session of CU l (line
10). sl then updates sUl and sB l (lines 11-12). If sl decides not to transfer CU l , it
inserts CU l into its LQl as indicated in line 14. Finally, if WiFi signal degrades below
a certain threshold, sl asks to transfer its set of UEs {sUl } to mj as indicated in lines
16-17.

5.4.4

Non-History based Offloading Technique (NHOT)

For comparative purpose, we define a Non-History-based Offloading Technique (NHOT),
which a simple approach where the offloading decision is based on the priority of the

5.4. DATA OFFLOADING FRAMEWORK

68

Algorithm 4 Processing at mobSBS sj
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:

Input: Ql
Output: Accept, Delay
Initialize: sl {target mobSBS }
sU l {current total number of UE of sl }
sU maxl {maximum number of UE can be served by sl }
sB l {available bandwidth of sl }
sU B l {current used bandwidth of sl }
Check Ql
if sUj ≥ sU maxl and sU B l + ωt ≤ sB l then
Accept to transfer CU l
sB l = sU B l + ωt
sU l + +
else
Insert CU l into LQl {delay}
end if
if WiFi degradation happen then
trigger to transfer {sUl } to associated mj
end if

requested data class. If the available bandwidth is sufficient, users’ data will be offloaded. The NHOT framework has four main phases similar to HOT. The Initiation
and Classification Phases are similar to the HOT phases except that the classification
here is based the priority of data classes to be offloaded. In the Processing Phase, the
offloading is not based on EU as in HOT. Rather it is based on available bandwidth,
number of accommodated UEs and WiFi coverage maps. If the target mobSBS decides not to offloaded, UE will be rejected, unlike HOT, where kept in local queue to
be served later on. However, if a specific number of rejections to a given data class are
made, it becomes a higher priority class in order to efficiently assign the mobSBS’s
bandwidth to the maximum number of different UEs classes. The Offloading Phase
is similar to the one in the HOT.
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Performance Evaluation and Discussion

In this section, we evaluate the performance of our proposed offloading framework. We
compare HOT to NHOT through MATLAB simulation. To assess the performance
of the two approaches, the following metrics are used:
• Number of offloaded users: this metric represents the percentage of offloaded
onboard UEs from MBSs.
• Average offloaded traffic: this metric represents the total offloaded onboard
data traffic from MBSs to mobSBSs and measured in Mbps.
• Macrocell load: this metric represents the percentage of the current traffic load
on MBSs generated from onboard UEs .
While studying these performance metrics, two parameters are varied: number of
UEs, and time intervals, which represent the simulation time steps per which random UEs/requests are generated during the simulation lifetime. In the following, we
discuss our simulation setup and results.
5.5.1

Simulation Setup

We construct a packet-level simulator to observe and measure the performance of both
approaches under a variety of conditions. The simulation is divided into 10 time intervals at which a number of UEs are randomly generated with defined statuses. Each
time interval has two sub-time intervals, and each sub-time interval is 90 seconds.
Our system model parameters are set as in Table 5.1. A single mobSBS is assumed
to be deployed in each bus. We consider the typical three data classes for offloading
in a hierarchical manner with video (streaming) highest priority, VoIP (real-time) as
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Table 5.1: Simulation Parameters
Parameter
M
N
K
Total simulation time intervals
Minimum DL bandwidth (ωt ) for:
c1
c2
c3
MBS inter-site distance
sB j
mi Bandwidth
sU maxj

Value
3 MBSs
10 mobSBSs
500 (Maximum) UEs
10 (160 sec per each time interval)
80 [Kbps]
100 [Kbps]
500 [Kbps]
1000 m
5 [Mbps] (Minimum) mobSBS bandwidth
80 [Mbps] MBS bandwidth
30 UEs

second priority, and HTTP (interactive) with the least priority, following the requirements of the NGMN [38]. We only consider the traffic load of macrocells generated
from onboard users. At the beginning of the simulation, WiFi coverage maps are
generated with different availability times along all bus trajectories. Also at the beginning, a random service history profile for every UE is generated. As simulation
progresses over time intervals, each UE’s service history is constantly updated with
the user’s previously spent time on a service and the current time for which it was
offloaded to the mobSBS. Non-offloaded UEs are kept in local queue at the mobSBS,
where the mobSBS bandwidth will be checked after each sub time interval to offload
the delayed UEs in the queue.
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Figure 5.5: Offloaded users vs. time intervals.
5.5.2

Results

We focus our offloading observations on three core system components: 1) the offloaded traffic, 2) mobSBS utilization, and 3) MBS utilization. It is worth mentioning
that we only consider the traffic load of macrocells generated from onboard users.
Here we examine the efficiency of the proposed HOT in terms of the percentage of
onboard UEs that have been offloaded from macrocells. According to Fig. 5.5, both
approaches (HOT and NHOT) start at approximately the same level of offloaded
UEs. However, as the user service history is not considered in NHOT, the majority of
offloaded UEs are kept at MBSs. After few time intervals, HOT clearly outperforms
NHOT. Also, at the middle time interval (interval 4), we notice that there is a rise
in the offloaded UEs when applying HOT because most of the UEs have used up
their service time. Afterwards, HOT curve stabilizes with a 14 % enhancement over
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Figure 5.6: Macrocell Offloaded traffic vs. number of UEs.
NHOT.
We show the effect of considering the user’s service history on the overall mobSBSs
utilization. mobSBSs utilization is calculated after every time interval in our simulation. Based on Fig. 5.6 both approaches tend to keep the mobSBS utilized to its
maximum capacity. However, the queue in HOT represents an important feature in
addressing more users as compared to the NHOT approach. At each time interval
each mobSBS check the local queue to offload the delayed users. While in the NHOT
approach, users are rejected and the system has to wait for the current time interval
to end before considering any new user.
Moreover, based on Fig. 5.6, we notice that the utilization in both approaches are
monotonically increasing as the number of UEs increases. However, this increment
continues for HOT and stops for NHOT after reaching a specific UEs count (150).
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This can be attributed to the utilized mobSBSs queue in HOT. Consequently, NHOT
reaches its saturation and cannot compensate more bandwidth for mobSBS, whereas
HOT chooses the most suitable candidates for offloading, and thus, more users are
offloaded during sub intervals.
Finally, we examine MBS utilization, which has a major effect on the overall
network performance, while considering each UE service history. In Fig. 5.7, mobSBSs
offloaded traffic is calculated at every time interval; and its impact on the MBSs
is analyzed while applying HOT and NHOT. Over the simulation lifetime, mostly,
NHOT maintains a higher macrocell load (around 18-19% of the original traffic),
whereas HOT maintains a reduced macrocell load that can reach 20% lower than
NHOT over the simulation time.
Another macrocell load assessment is carried out through varying counts of users
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Figure 5.8: Macrocell traffic load vs. UEs
in Fig. 5.8. For small number of users (25-50), the difference between macrocell
loads while applying NHOT and HOT is not significant. Nevertheless, as the total
count of users increases, HOT shows a considerable reduction in the macrocell load in
comparison to NHOT. This is due to the history based offloading, where the delayed
users in the queue are reconsidered.

5.6

Chapter Summary

In this chapter, we proposed a novel data offloading framework for mobile operators by
utilizing mobile small cells and WiFi. Our proposed framework utilizes a noncontinuous city-wide WiFi as a backhaul for mobSBSs installed in public transit vehicles to
relieve macrocells. Taking into account mobile users’ service history profile and WiFi
coverage maps to either offload or delay offloading, leaded to a significant increase in
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the offloaded data. Our simulation results showed that our proposed History-based
offloading framework (HOT) is highly effective in terms of: 1) the amount of offloaded
traffic from MBSs, 2) mobSBSs utilization, and 3) MBSs utilization. Also, we demonstrate a significant enhancement in terms of total offloaded traffic in comparison to
non-history based offloading approach (NHOT). The enhancement can reach 20 percent more offloaded traffic over the non-history based approach.
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Chapter 6
Conclusion and Future Work

The current demands and challenges facing cellular operators need transformational
changes. Every day the demand for higher capacity, throughput and coverage, in
addition to increasing expectations for Quality of Service (QoS), present significant
challenges to cellular operators. In this thesis we have explored the promising potential of utilizing Small Base Stations (SBSs) to improve performance over a number of
Heterogenous Networks (HetNets) deployment scenarios for cellular networks. Section 6.1 summaries our contributions, and elaborates on our achieved goals. In this
work, we took note of potential opportunities for the development of HetNets. In
Section 6.2 we elaborate on relevant future work. We finally present our conclusions
in Section 6.3, highlighting the lessons learned from this work and our insights to
HetNets deployments in cellular networks.

6.1

Summary

Depending only on macrocell deployments cannot meet the demand users are currently imposing on cellular operators. HetNets (using macrocells with smaller cells)
have proven to be a cost-effective solution to meet the ever growing capacity and
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coverage requirements of cellular networks. Recently, new innovative deployment scenarios of small cells have been proposed; to be deployed in public transit vehicles
and outdoor high-demand areas. A core goal of this research was to assess the influence of these new HetNet deployments and propose solutions that capitalize on SBS
deployments to boost capacity and coverage under varying scenarios.
Chapter 1 provided an overview of current challenges and the status quo in Cellular networks. This spanned cellular networks, HetNets and small cells, and WiFi
networks. More specifically, Chapter 1 covered the research problems targeted in
this thesis and the motivations behind our research. In Chapter 2, we overviewed
background topics related to this thesis.
Chapter 3 investigated the problem of optimizing SBS placement in high-traffic
urban environments to complement macrocells serving outdoor users. We introduced
dynamic placement strategies (DPS) for outdoor small cells that achieve different operator objectives by exploiting knowledge of traffic demand, and achievable throughput, at candidate sites (hot-spots). We optimized SBS deployment using DPS to
achieve two objectives: minimizing service delivery cost, and minimizing macrocell
utilization. Two DPS problems were thus formulated as Mixed Integer Linear Programs (MILPs) for the two deployment objectives. These MILPs provided benchmark
solutions for the DPS problem. We also proposed two greedy algorithms with the same
objectives as the formulated DPS problems to offer a contrasting benchmark. Our
simulation results demonstrated that our proposed DPS was able to reduce service
delivery cost and Macro Base Station (MBS) utilization.
Chapter 4 presented a study of the impact of mobile small cells, namely to quantify potential performance gains when SBSs are deployed in public transit vehicles.
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Specifically, we chose to study pairwise error and outage probabilities by deriving
closed form expressions. We also, examined the achievable performance gains in
terms of diversity and distance advantage. Our analytical and simulation results indicated that mobile small cell deployments are able to significantly reduce pairwise
errors and outage rates. In addition, significant diversity gains and distance advantages were achieved and demonstrated. Our qualitative study was presented to form
a benchmark for future studies.
Further, in Chapter 5, we proposed a novel framework to use mobile cells for
offloading data traffic generated by mobile users onboard of vehicles. Mobile Small
Base Stations (mobSBSs) utilize urban WiFi to transfer data traffic to the operator’s
network that would otherwise be transferred via overloaded macrocells. The proposed
framework incorporated users’ service history profiles and WiFi coverage maps to
provide an efficient offloading decision framework, namely to increase offloaded data
traffic and eventually mobile users. Further, to adopt a non-biased comparative
study, we defined a non-history-based offloading scheme, which does not consider
the service history profile of mobile users in the offloading decision. Our simulation
results demonstrated that the proposed history-based offloading framework is able
to boost the amount of offloaded data traffic from the macrocells while maintaining
appropriate levels of MBSs and mobSBSs utilizations.

6.2

Future Work

This thesis presented a two-fold endeavor to provide a concrete understanding of the
innovative deployment scenarios of HetNets and highlighting their potential (over
proposed framework) to improve cellular networks. However, there are many open
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challenges and deployment issues that need to be addressed to leverage potential gains
of HetNets. In the following subsections, we highlight some of these directions for
future work with respect to the key problems addressed in this thesis.

6.2.1

Outdoor Small cells

Outdoor small cell deployments will play a key role in complementing macrocell deployments in the very near future. Other network-wide deployment objectives such
as power consumption at MBSs and UEs would be very important and beneficial.
Another interesting problem would be to add a data caching feature to these outdoor
small cells to increase offloading throughput and relieve cellular networks by storing
frequently requested information; based on location. What, where and when to cache
to achieve certain objectives, is an open question.

6.2.2

Mobile small cells

We presented a thorough evaluation of the performance gains of using mobile small
cells onboard to improve vehicular users’ QoS. However, our investigations considered
only one mobSBS and one MBS. The case where multiple mobSBSs are moving
through multiple macrocells, can be studied in order to gain a more comprehensive
and coherent understanding of real-time behavior. Also, the handoff of mobSBS and
its associated users, while crossing different macrocells presents another interesting
problem, in addition to the effects of handoff on MBSs and UEs.
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Offloading Data traffic using Mobile Small cells and WiFi

An open research problem lies in utilizing appropriate learning techniques (e.g., Fuzzy
logic and Artificial Neural Networks) at mobSBSs to dynamically aid the offloading
decision in order to fully utilize WiFi capabilities. Also, integrating Delay Tolerant
Network (DTN) frameworks with mobile small cells and WiFi to facilitate delayed
(non-real-time) offloading under intermittently available WiFi is an interesting problem, since this is a common scenario in many cities. This is especially beneficial
for the significant amount of data that is not time-sensitive yet constrains cellular
networks when WiFi availability is not granted (and unlimited data plans exist).

6.2.4

Further small cells deployment considerations

There are several considerations that can be taken into account for small cell deployments in future research plans. It would be interesting to examine the sensitivity of
the results with respect to various traffic models and detailed QoS requirements. The
case where outdoor SBSs, mobSBSs and MBSs operate on the same frequency bands
when considering the impact of co-channel interference could be investigated. Also,
extending practical implementations to include real road maps, user service profiles,
and radio coverage maps would have a significant impact on the reliability of results.

6.3

Conclusions

HetNets have proven to be a very feasible and readily deployable solution for cellular
networks. The new deployment scenarios of HetNets offer significant solutions to
explosive cellular demands. Throughout this thesis, both in the evaluated schemes
and developed frameworks, we have concluded the following:
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• Placement problems in outdoor small cells should be considered at the whole
network level, not in each macrocell separately. Otherwise, we risk inefficiencies
resulting from unbalanced distribution of SBSs over varying demand regions.
• Although greedy algorithms are a near match to optimization solutions, their
successful deployment rates are significantly less. Hence, for wide area and
large scale deployments optimization solutions are recommended over greedy
solutions.
• Mobile small cells are effectively able to enhance vehicular users’ QoS. Hence
using mobSBSs offers a very promising direction for improving the QoS for
vehicular users in cellular networks. However, it is important to consider the
minimal number of users that would render mobSBSs installation cost-effective
for the cellular operator.
• Efficient profiling of mobile users proved beneficial in mobSBS deployments
which utilize WiFi as backhaul access for offloading. Although history-based
profiling offers significant insights into patterns of cellular usage, it could be
complemented with fail-safe protocols that account for new users and unpredictable usage that could compromise history-based offloading. Ultimately, each
mobSBS has to account for the overhead of usage prediction and history-based
profiling to improve offloading efficiency and latency.
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