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ABSTRACT

For the past years, the analysts have been predicting a tremendous and continu-
ous increase in mobile traffic, which substantiates the emergence of heterogeneous
multi-radio networks supported by the trend in infrastructure and user densifica-
tion. In the envisioned fifth-generation (5G) heterogeneous deployments, where
each user device may utilize multiple radio access technologies (RATSs) for commu-
nicating with the network infrastructure or other proximate devices, the challenge
of intelligent management of such connections arises.

Assuming that cellular network is able to provide assistance in connectivity on
multiple RATSs, there potentially exists a variety of management strategies. In order
to analyze them and subsequently optimize the network operation, an appropriate
modeling tool is required, which would account for the specific properties of the in-
volved communication technologies. In the light of this, it is essential to revisit the
mathematical tools available today, augment them, and apply to the selected area.

While queuing theory has remained as one of the key solutions for network mod-
eling for over a half-century, the contemporary wireless systems incorporated geo-
graphical location of a node as a crucial factor in determining the resulting quality of
service. Consequently, shifting from the queuing theory to the area named stochas-
tic geometry delivered useful operational insights for large macrocells. However, the
continuing network densification as the mainstream trend in the development to-
wards future 5G networks suggests focusing attention on the user loading together
with its traffic dynamics. As a result, it is important to revisit the legacy tools of
queuing analysis and combine them with appropriate methods of stochastic geom-
etry in order to efficiently evaluate the ultimate system performance.

This thesis is devoted to developing a novel space-time methodology that flex-
ibly combines spatial approaches of stochastic geometry with the investigation of
network dynamics by queuing theoretic methods. This general approach allows
for building useful first-order performance estimations for a wide range of system
assumptions and constraints, which result from a particular multi-radio network
configuration.

Conveniently offered in the form of a construction set, the proposed methodol-
ogy has significant advantages over the existing methods, and may be successfully
applied to a large number of novel problems in the field of wireless networking anal-
ysis, where each of them finds its own practical application in the emerging 5G
ecosystem.
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Chapter

Introduction

1.1 INTRODUCTION AND RESEARCH MOTIVATION

Looking at more than 40 years' of mobile communications history, from analogue to
LTE and beyond, we confirm that network generations evolve over approximately
20-year intersecting cycles. On average, during around a half of that time, a new
technology develops all the way to its peak, and through the rest of that time —
from its peak to the last subscriber. Given that the beginning of every genera-
tion is based on several years of prior research and development, the emerging fifth
generation (5G) of wireless systems is expected to be deployed sometime around
2020 [1]. However, yet there is no consensus on what comes after the state-of-the-art
networking technologies, and what exactly 5G is.

Historically, every next generation is pushed by the consumer demands and the
weaknesses of the previous generation. To this end, see examples of mobile net-
working evolution in Table 1.1. Hence, we expect that 5G will develop similarly
and thus the associated performance criteria are already being shaped, with some
of them available as [2]:

e "anytime, anywhere” connectivity

high data rate in the field (1-10 Gbps)

extremely low latency (1 ms or less)

high availability and reliability in some scenarios (99.999%)

reduced power consumption (up to 90%)

e massive connectivity (10-100 times growth in connected devices)

IThe first mobile call was made on April 3, 1973.
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Table 1.1 Evolution of technology generations in terms of services and performance. Source:
GSMA Intelligence [2]

Primary services Key differentiator Weakness
1G Analogue phone calls Mobility Poor spectral efficiency,
major security issues
2G Digital phone calls Secure, Limited data rates —
and messaging mass adoption difficult to support
demand for Internet
3G Phone calls, Better Internet Real performance failed
messaging, data experience to match hype, failure of
WAP for Internet access
3.5G | Phone calls, messaging, Broadband Internet, Tied to legacy, mobile
broadband data applications specific architecture
and protocols
4G All-IP services (including | Faster broadband ...not yet defined
voice, messaging) Internet, lower latency

Some of these technical requirements, such as high rate and low latency, are al-
ready underway as a part of the development by the network operators. The rest
of them are excessively diverse for a single breakthrough technology, and therefore
5G is expected to become different from other past generations (see [3], [4], and [5])
— one radio access technology (RAT) might not be sufficient. Today, many agree
[6], [7] that prospective 5G networks will rather become a blend based on the con-
vergence of several existing RATs (such as 3G, 4G, WiFi, and others), delivering
higher user rates, better connectivity and coverage.

Hence, what emerges as a natural key question and the fundamental challenge
for the 5G design, is the appropriate RAT management strategies [8], which help to
make sure that the network operates in the best possible way. This implies that the
network would need to show a certain system flexibility, or intelligence, to adjust
to the diverse set of requirements, environmental and deployment conditions.

In order to develop and implement the demanded intelligent system, at the re-
search stage we need a powerful methodology, which could focus on the most chal-
lenging 5G targets, such as low latency and high data rates, as well as would be
able to quickly predict the performance of the considered 5G system, depending on
its various conditions. Although the simulation tools may become of a consider-
able help here, the envisioned network densification and connectivity requirements
call for a numerically-simple first-order performance estimator able to deliver fine-
grained operational statistics. We continue by reviewing some methods of applied
mathematics in a search of the appropriate methodology.

Turning back to the history of analysis in the broad area of communications, we
notice that the queuing theory has been a key solution in respective performance
evaluation for over half a century. However, the introduction of wireless technology
brought novel research demand, so that the geographical locations of communica-
tion entities have become a crucial factor in determining the resulting quality of
service (QoS). Accordingly, shifting from the queuing theoretic tools (see e.g., [9],
[10], [11], and [12]) to the area of stochastic geometry [13] suits well for assessing
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large macrocells. However, with further network densification, we need to draw at-
tention to the actual user loading and its uplink traffic dynamics, reiterating the
importance of queuing analysis and thus combining these two crucial methodolo-
gies, queuing theory and stochastic geometry, in order to efficiently estimate the 5G
system performance.

1.2 GENERAL BACKGROUND

Since 1909, when Erlang published his first paper [14], communications systems
have been mostly assessed with the methods of ”classical” queuing theory (see [15],
[16], and [17]), which has been extensively developed driven by the technology evo-
lution. One century later, however, with the emergence of wireless technology, this
well-studied area became insufficient, since wireless networks are fundamentally lim-
ited by the intensity of the signal and interference (see [18], [19], and [20]), which in
a wireless channel heavily depend on the geographical location. Driven further by
wireless networking problems for several past decades, the research community has
been (re)discovering the mathematical methods that allow taking into account the
effects of network geometry — eventually arriving at stochastic geometry formula-
tions, random graphs theory, and their sub-branches, such as point process theory,
geometric probability, and percolation theory.

The term ”stochastic geometry” has appeared already in 1963 [21], when study-
ing the average system behavior over many spatial realizations. However, the un-
derlying point process theory originates from the same year as Erlang publishes his
paper, in the pioneering work [22], where the basic shot-noise process statistics have
been delivered. Additional historical facts on geometric probability date back to
as far as 18th century, and the mentioning of stochastic geometry may be found in
[23] or [24], whereas one may refer to [25] for the comprehensive introduction into
the stochastic geometry.

Therefore, both revived and novel spatial methods have been widely investigated
in their application to ad-hoc and cellular networks, femtocells, cognitive radio, etc.
They have thus provided important insights into characterizing the link budget
(including interference, pathloss, and fading), as well as covered the connectivity
and outage probability, capacity and other fundamental limits of wireless networks.
However, with the current trend for network densification, 5G cellular networks
may become substantially underutilized [26] except for highly congested areas dur-
ing specific times of the day (commuting hours, public events, etc.). Hence, the
performance of the network is increasingly dependent on the user loading, in addi-
tion to their geographical locations. As a result, it becomes evident that capturing
the network dynamics together with its spatial features develops into a pressing
demand.

Inspired by the above, the thesis proposes a flexible and simple approach to
handling network spatiality with the use of stochastic geometry, while explicitly
investigating network dynamics by queuing theoretic methods.
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1.3 SCOPE OF THE THESIS

This thesis concentrates on assessing the cooperative and multi-radio concepts in
the emerging heterogeneous networking architectures for stochastic user loads and
locations, and by considering various degrees of cellular assistance. Along these
lines, both (i) real-time data sessions with fixed bitrate and (ii) elastic traffic with
files of random size are taken into account with the emphasis on the uplink perfor-
mance in terms of the blocking probabilities?, the average numbers of users or the
average transmission times, and the energy consumption.

As a result, we deliver a unified space-time methodology for characterizing the
operation of a heterogeneous network that is capable of cooperative transmission
across multiple RATs. The proposed methodology is broad enough to accommodate
various offloading scenarios, radio selection algorithms, user performance character-
istics, and advanced wireless technologies.

Summarizing, this thesis targets various aspects of cooperative and multi-radio
communications in the context of first-order analysis of next-generation wireless
networks. The ultimate goal of this research is to extend the past, disjoint evalu-
ation methodologies with respect to the requirements of emerging 5G systems. In
order to achieve the objectives of this study, we extensively rely on advanced ana-
lytical techniques and confirm their applicability with supportive simulations. By
that, we address the following challenges:

1. General methodology for network performance evaluation: We formulate a
novel methodology that employs spatial processes and explicitly captures network
dynamics providing distinct classification of emerging wireless systems.

2. Example performance characterization for several types of heterogeneous net-
works: We model an environment, where the conventional, multi-radio, and cooper-
ative networks employ admission control, power control, and scheduling of ongoing
user sessions as well as take advantage of interference coordination.

The output of this work provides useful insights into the integrated methods of
heterogeneous networking analysis, while the accompanying analytical framework
may serve as a useful reference point for ongoing 5G discussions in both academia
and industry (e.g., in the 3GPP community), as well as offer a range of novel 5G-
centric problem formulations.

1.4 THESIS OUTLINE AND MAIN RESULTS

This thesis consists of an introductory part comprising seven chapters and of eight
main publications referred to as [P1]-[P8]. Additionally, the scope of this work is
closely related to several other publications by the author, which are referred to in
the bibliographical section of this manuscript.

2That is, when a user session is not admitted by the network.
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In Chapter 1, we start with the core motivation behind our research and then
continue with the scope of this work by highlighting the key problems addressed in
the thesis.

In Chapter 2, we emphasize the importance of multi-radio and cooperative com-
munications and provide the reader with the related background.

In Chapter 3, we classify the types of cooperative and multi-radio heterogeneous
networks, as well as outline our generic system model assumptions.

In Chapter 4, we conduct analytical performance evaluation of some characteris-
tic types of emerging heterogeneous networks for different structures of traffic arrival
processes.

Chapter 5 offers supplementary system-level simulation results confirming the
validity of the adopted analytical assumptions.

Chapter 6 concludes the introductory part.

Finally, Chapter 7 summarizes the publications constituting the second part of
this thesis and highlights the author’s contribution to them.

In summary, the main contribution of this thesis is a novel space-time mathe-
matical model for traffic arrivals in a heterogeneous network, which includes (i) an
integrated methodology for assisted network selection capturing the spatial random-
ness of cooperative and multi-radio systems together with dynamic uplink traffic;
(ii) an example of in-depth analytical characterization of dynamic interactions be-
tween co-existing heterogeneous network tiers.






Chapter

Cooperative and Multi-Radio
Networks

2.1 GENERAL BACKGROUND

Today, existing RATs are seeing high diversity in the data rates and suffering from
excessive time delays, or sometimes even service outage due to poor coverage and
harsh interference conditions. Cellular coverage also remains unsatisfactory in in-
door environments despite aggressive spectrum reuse and very sophisticated tech-
niques for interference coordination [27], [28]. To make matters worse, unprece-
dented numbers of diverse machine-type devices [29] connect to the network forming
what is known as the Internet of Things (IoT) and thus reshape the global networks.
All these imbalances with respect to the aforementioned 5G requirements accentu-
ate the need to explore novel, more efficient technologies [30].

One solution to mitigate the increasing disproportion between the desired user
QoS and the available wireless resources may be found in deploying the higher den-
sity of small cells in current cellular architecture (see e.g., [31], [32], [33], and [34]).
This improves network capacity by increasing the frequency reuse per unit area and
the average data rate per transmission (i.e., smaller cells yield shorter radio links
and thus improve data rates). Moreover, as cell sizes shrink, the footprints of cel-
lular, local, and personal area networks are increasingly overlapping, which creates
an opportunity to simultaneously utilize multiple RATs for improved capacity and
connectivity [35], [36].

Further, in the presence of continuously growing mobile traffic demand (for de-
tailed numbers, see the report in [37]), another solution may be seen in offloading
some user sessions onto direct device-to-device (D2D) radio links, which are gener-
ally shorter and lower-to-the-ground than small cell connections [38]. With D2D,
neighboring wireless devices can communicate without the use of network infras-
tructure, enabling a dramatic improvement in spectral reuse [39]. In addition, the
proximity of user devices promises higher data rates, lower transfer delays, and
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reduced power consumption [40]. The potential applications of D2D in cellular net-
works are numerous [41] and include local voice service (offloading calls between
proximate users), multimedia content sharing, gaming, group multicast, context-
aware applications, and public safety.

WiFi
access point

Co-located LTE-WiFi
base station

[==l=4

! Outdoor,

LTE Femto
base station

Direct D2D
connection

M2M/MTC
connection

Figure 2.1 Envisioned 5G heterogeneous network.

Consequently, the incentive to efficiently coordinate between the alternative
RATSs is growing stronger [42]. To this end, the distributed unlicensed-band network
(e.g., Wireless Local Area Network, WLAN) may take advantage of the centralized
control function residing in the cellular network to effectively perform dynamic
multi-RAT network association. However, very limited research attention has been
dedicated to the assisted joint use of multiple networks, whereas much effort has
been invested into optimizing the performance of individual radio technologies.

In summary, it is currently expected that the majority of near-term capacity
gains will come from advanced architectures and protocols that would leverage the
unlicensed spectrum and take advantage of the intricate interactions between the
device and the network, as well as between the devices themselves, across the con-
verged heterogeneous deployments (see Figure 2.1). To this end, intelligent coupling
between multiple RATs may leverage several dimensions of diversity, where both
short- and long-range technologies may need to work collaboratively to realize the
desired improvements in capacity and service experience.
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2.2 5G TECHNOLOGY TRENDS: HETEROGENEOUS NETWORKS

A transformation of mobile user experience requires revolutionary changes in both
network infrastructure and device architecture, where the user equipment (UE) is
jointly optimized with the surrounding network context. Consequently, tighter in-
terworking between various RAT's has been receiving more momentum over the past
few years [43]. While previously cellular and WLAN technologies were developing
largely independently, today WiFi is becoming an integral part of an operator’s
cellular network. As a result, it becomes crucial to aggregate different radio tech-
nologies as part of a common converged radio network, in a manner transparent to
the end user, and develop techniques that can efficiently utilize the radio resources
available across different spectral bands potentially using various RATs [26], [44].

In light of the above, heterogeneous networks (HetNets) represent advanced net-
working architectures (see Figure 2.1) enabling capacity and coverage improvements
towards future 5G systems [45], [46], [47]. These architectures comprise hierarchical
deployments of wide-area macro cells for basic connectivity and coverage augmented
with (densely deployed [48], [49], [50], [51], [52], [53]) small cells of various footprints
and by different RATs (femto and pico cells [54], [55], [56], WiF1i access points [57],
relay nodes [38], integrated WiFi-LTE small cells [P8], etc.) to boost capacity [58].
In particular, unlicensed-band technologies are increasingly managed as part of an
operator’s cellular network to unlock advanced levels of interworking between cel-
lular and WLAN RATSs. This is on the one hand due to the fact that contemporary
consumer devices massively support WiFi together with other RATs. On the other
hand, mobile network operators increasingly rely on WLAN-based offloading to re-
lieve congestion on their cellular networks [59] and hence desire more control of how
WLAN is utilized and managed.

Not surprisingly, recent literature has been very rich in addressing the impor-
tant aspects of load balancing and access network selection for multi-RAT Het-
Nets [60], [61], [62], [63], [64], [65]. The existing publications range from considering
simpler user-centric network selection strategies (known as vertical handover [57])
to full multi-tier and multi-radio cooperation [66], [67], e.g., where WiFi becomes
a “virtual carrier” anchored on the cellular network. However, the focus has been
mostly on centrally-managed systems with full control at the base station or totally
distributed solutions, but not so much on network-assisted schemes. Most recently,
the concept of LTE-unlicensed has attracted interest of industry and academia alike
with the goal of allowing LTE systems to utilize bandwidth-rich unlicensed spec-
trum around 5 GHz band to augment their capacity [68]. Another emerging industry
trend considered in latest publications is multi-radio small cells with co-located cel-
lular and WLAN interfaces able to reduce deployment costs and leverage common
infrastructure across heterogeneous cells [69], [70], [71].

Reacting to this recent interest, 3GPP is becoming increasingly active in devel-
oping new interworking solutions between their cellular technologies, such as UMTS
or LTE, and WiFi (IEEE 802.11 [72]) technology. However, given that co-located
cellular/WLAN deployments are presently not common, current standardization
efforts focus more on user-centric interworking architectures, while only assuming
limited degrees of cooperation/assistance across the HetNet [73], [74]. The field
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of investigation spans across (i) schemes for trusted access to 3GPP services with
WLAN devices, (ii) support for Access Network Discovery and Selection functions,
and (iii) seamless mobility between cellular and WLAN technologies.

More recently, several new study/work items have been open targeting the in-
terworking solutions that involve cooperation within the Radio Access Network
(RAN) [75] by contrast to prior schemes that have loosely defined functions within
the 3GPP core network (such as security and inter-RAT mobility) [76]. This shift is
dictated by the need to support improved QoS on WLAN networks as prescribed by
a consortium of network operators with their tighter requirements for carrier-grade
WiFi. The WLAN community has also responded with their new initiatives on
Hot Spot 2.0, as well as an emerging “High Efficiency WLAN” effort by the IEEE
802.11 work group. Therefore, we expect the trend for tighter integration of cel-
lular and WLAN technologies to continue by potentially encompassing other radio
technologies beyond current WiFi (e.g., mmWave-based small cells) and additional
use cases beyond spectrum aggregation.

However, introducing an increasing number of serving stations to bridge the
capacity gap incurs extra complexity due to more cumbersome interference man-
agement [77], [78], higher rental fees, and increased infrastructure maintenance
costs [79]. Even when additional spectrum is allocated, these new frequencies are
likely to remain fragmented and could require diverse transmission technologies.
We, therefore, expect that the majority of near-term gains will be made available
by efficient architectures and protocols leveraging the unlicensed spectrum. For ex-
ample, mobile users with direct D2D communication capability may take advantage
of their unlicensed-band radios and cooperate with other proximate users to locally
improve access in a cost-efficient way [80].

2.3 5G TECHNOLOGY TRENDS: DIRECT COMMUNICATIONS

Currently, a major portion of the expected mobile traffic growth comes from peer-to-
peer (P2P) services that involve clients in close proximity [81]. Hence, we envision
that whenever possible, neighboring client devices will use their direct connectiv-
ity capabilities, instead of their cellular links. Consequently, D2D connections are
believed to become an effective solution that would unlock substantial gains in ca-
pacity [82] and relieve congestion [83] in future 5G networks. For mobile network
operators, D2D connectivity is becoming vital to enable traffic offloading from the
core network [80] as well as realize efficient support of social networking through
localization.

Over the last decade, much research effort has been invested into the charac-
terization of D2D connections as part of LTE cellular technology [84] by 3GPP in
licensed bands, where a license grants a network operator the right to use spectrum
exclusively. Driven by a wealth of potential practical applications, the concept of
D2D communication as an underlay to a cellular network has been developed by the
seminal work in [85] and numerous subsequent papers. As in cognitive radio, D2D
underlay is operating on the same resources as the cellular network and D2D users
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control their transmit power to suppress the resultant interference to the cellular
users [86].

With the increasing number of cellular users, network-assisted D2D communi-
cation is becoming an essential next step to achieve enhanced resource utilization
as the traditional methods to improve the use of licensed spectrum approach their
theoretical limits [87]. Consequently, there has already been some coverage in litera-
ture on direct user connectivity with different levels of network involvement, ranging
from the minimal degrees of assistance (such as in Aura-net/FlashLinQ) [88] to the
fully controlled solutions (such as in cellular underlay) [85]. The latter is definitely
more challenging and generally requires interference control to enable simultaneous
direct connections [89].

For the underlay to work, the network should employ proper admission and power
control on D2D transmitters as well as allocate radio resource to them. As a result,
D2D links may (i) reuse resources reserved for cellular use, (ii) use free resources
not allocated for cellular use, or (iii) relay traffic through the infrastructure net-
work avoiding direct transmissions. The choice between these alternatives is known
as transmission mode selection [90] and has attracted many researchers focusing on
various optimization targets, from signal to interference plus noise ratio (SINR) and
throughput to energy efficiency, data delay, fairness, and outage probability. The
general difference between existing works is in the considered numbers of commu-
nicating entities of each type (base stations, cellular and D2D users), emphasis on
uplink (UL) or downlink (DL) connection and the resulting interference, orthogo-
nal vs. non-orthogonal resource sharing, degree of available network assistance, and
network/D2D duplexing mode.

Given its growing importance, the licensed-bands D2D is becoming an attrac-
tive research area, where many fundamental questions still remain open including
the information-theoretic capacity of the D2D underlay. However, the correspond-
ing standardization efforts are developing slowly, such that the respective products,
which are employing the licensed-band D2D underlay, may not be on the market
until a long time from now.

Alternatively, unlicensed bands can be used freely, which gives opportunity to
leverage D2D benefits almost immediately. Whereas there already exists a plethora
of unlicensed spectrum protocols to technically enable direct connectivity, there is
no centralized control of radio resources to manage QoS on D2D links [91]. Aug-
menting the current technology, we envision that devices be continually associated
with the cellular network and use this connectivity to help manage their D2D con-
nections in unlicensed bands. Therefore, as has been the case for HetNets, in the
near-term we expect that the majority of gains will come from advanced architec-
tures and protocols that would leverage the unlicensed spectrum.

In other words, in conventional WLANS, the access point (AP) has no measures
to control the resources used by ad hoc user connections, which contend for the same
channel. This is where the LTE network can be of much help. If clients are con-
tinuously connected to the LTE network, it knows which cell(s) they are associated
with, which tracking area(s) they are in, and their locations within a few meters (if
location services are enabled). Therefore, the network can quickly and without sig-
nificant overhead determine if/when clients are potentially within D2D range and
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inform them accordingly. Additionally, network assistance can help with mode se-
lection (LTE/WiF1i), power control, and selecting transmission format (modulation
and coding rates, MIMO transmission mode, etc.).

2.4 FOCUS AND CONTRIBUTIONS

In what follows, the focus is set on integration between multiple RATSs within the en-
visioned 5G-grade HetNet architecture. As our case study, we consider convergence
of WLAN- and D2D-based connections with operator-controlled cellular deploy-
ment, assuming that they belong to an operator deployed and managed multi-RAT
HetNet.

We emphasize that interworking between different RATs has already been con-
sidered in the past, but largely from the perspective of inter-network (vertical)
hand-off [57]. In addition, various specific concepts have been discussed to this
end [92], [93], [94], including UMA/GAN (Unlicensed Mobile Access network later
renamed to Generic Access Network), WWRF (Wireless World Research Forum)
multi-radio considerations, WLAN integration with 3G systems, etc. Regarding
the latter, cellular standards community, represented by the 3GPP, has also been
involved in developing specifications that address cellular/WLAN interworking for
a number of years. Several new study and work items have recently emerged to
develop specifications towards tighter integration of WLAN with cellular networks.

However, we make a step ahead with respect to the current 3GPP and other
efforts and consider intelligent assistance from the cellular network in the RAT se-
lection process, when a new coordinating entity in the cellular RAN is made to
receive relevant information from multi-radio devices (e.g., their position, QoS re-
quirements, how much interference/load they sense on the nearby WLAN networks,
etc.) and then advises the users on the attractive connectivity options.

For consistency with current network deployments, we concentrate on distributed
small cell overlay with standalone WiF'i access points as well as pico cell base stations
[95], assuming that there is no direct interface between the cellular and WLAN ra-
dio networks. However, the presented methodology may also characterize co-located
cellular/WLAN deployments as well as more advanced technologies and scenarios
to become appealing in the context of 5G networks [96], [P8]. More specifically, we
focus on uplink performance as it has not been fully addressed in existing literature
due to more challenging interference-related aspects.

To further advance the state-of-the-art research primarily focusing so far on static
(full-buffer) steady-state formulations, we target flow-level performance and con-
sider stochastic traffic loads. In particular, new data flows representing, e.g., real-
time data sessions with the minimum target bitrate are arriving randomly and leave
the system after the service has been received. Consequently, the number of active
flows varies with time, which is often referred to as the flow-level dynamics. Analyz-
ing dynamic setups is important to gain better understanding of real-world systems,
but it also incurs extra complexity. Therefore, dynamic systems had received much
less research attention than their static alternatives, that is, with a fixed set of
backlogged users.
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In what follows, we outline a general methodology for modeling the operation of a
converged multi-radio network that is capable of offloading user sessions onto small-
cell and D2D connections across both licensed and unlicensed spectrum. The pro-
posed methodology is broad enough to accommodate various offloading scenarios,
radio selection algorithms, user performance characteristics, and advanced wireless
technologies (e.g., WiFi and LTE).






Chapter

Comprehensive Methodology for
Space-Time Network Analysis

3.1 CAPABILITIES OF THE PROPOSED MATHEMATICAL APPROACH

3.1.1 Capturing System Dynamics

Modern wireless networks are constantly evolving to enable better support for het-
erogeneous multimedia applications [97]. Since the integration of diverse services
within a single radio platform is expected to result in higher operator profits and at
the same time reduce network management expenses, intensive research efforts have
been invested into the design principles of such networks [98]. However, as wireless
resources are limited and shared by clients, service integration may become chal-
lenging [99], especially in HetNets [100], [101]. A key element in these systems is
the packet scheduler, which typically helps ensure that the individual QoS require-
ments of wireless clients are satisfied. Such schedulers may be made opportunistic,
i.e., primarily serving clients, which experience favorable channel conditions. Sev-
eral attempts to investigate efficient opportunistic behavior while meeting diverse
QoS demands of wireless clients have been made in [102], [103], [104], and [105].

More advanced QoS-constrained opportunistic frameworks for wireless cellu-
lar networks focus on flow-level performance [106] and consider stochastic traffic
loads [107]. In particular, new data flows representing either real-time sessions or
file transfer requests are arriving randomly and leave the system after the service
has been received. Consequently, the number of active flows varies with time, which
is referred to as the flow-level dynamics [108]. Analyzing dynamic setups is impor-
tant to gain better understanding of real-world systems, but it also incurs extra
complexity. Therefore, dynamic systems receive much less research attention than
their static alternatives e.g., with a fixed set of backlogged clients.

Every data flow in a dynamic network may generally represent a stream of packets
corresponding to a new file transfer, web-page browsing, or real-time voice/video

15
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session [109]. Originally, flow-level frameworks were helpful investigating flexible
bandwidth allocation mechanisms in the context of wired systems. Extending their
applicability to wireless networks, it was concluded that the throughput experienced
by a dynamic user population can substantially differ from that received by a fixed
number of users [110]. Consequently, studying dynamic wireless systems is becom-
ing increasingly important and we concentrate on characterizing HetNet dynamics
in what follows.

3.1.2 Capturing Topological Randomness

As it has already been mentioned above, another crucial aspect of HetNets is in that
relative locations of the network users highly impact the resulting system perfor-
mance [111]. Indeed, given that users are not regularly spaced, there may be a high
degree of spatial randomness, which needs to be considered explicitly. Coupling such
topological randomness with system dynamics requires a fundamental difference in
characterizing user signal power and interference. Fortunately, the field of stochas-
tic geometry provides us with a rich set of powerful results and analytical tools that
can capture the network-wide performance of a random user deployment [20].

The use of stochastic geometry (that is, statistical modeling of spatial relation-
ships) has become increasingly popular over the last decades to analyze network
performance averaged over multiple spatial realizations. As part of a more recent
surge, it has also been useful in assessing many important aspects of current cellular
technology, from conventional macro cell deployments to hyper-dense heterogeneous
and small cell networks [112], [113]. The application of stochastic geometry typi-
cally features a particular spatial point process to statistically capture, e.g., user
locations yielding insights on the impacts of user density, transmit power, path loss,
and interference.

On the other hand, the application of the queuing theory makes it possible to
model user sessions arriving at random and leaving the system after being served.
A session is a real-time data flow from one user to another; in this work, sessions
are initiated according to a Poisson point process (PPP). This and other spatial
processes have been used extensively to investigate the coexistence of cellular and
mobile ad-hoc networks [101], study device discovery aspects of FlashLinQ [114],
assess the performance of multi-tier heterogeneous cellular systems [115], cognitive
femtocells [46], and even capture the distributions of transmit power and SINR in
D2D networks [116]. However, in most cases, the use of stochastic geometry does
not directly enable system dynamics.

As the overall performance of a converged HetNet depends considerably on the
geographical locations of user devices, studying dynamic wireless systems jointly
with their spatial features is becoming increasingly important. Therefore, the main
target of this thesis is the development of the unified space-time evaluation method-
ology and the associated comprehensive system models that may be used for the
performance assessment of the emerging 5G communication technologies.
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3.2 PRELIMINARY DESCRIPTION

Here, we collect the well-known basic facts in order to advance the understanding
of further discussions, as well as provide some examples, which are currently used
in network modeling.

3.2.1 Point Processes

To capture the spatial diversity in the network under investigation, we exploit the
powerful and well-studied tools of point process theory, which describes the stochas-
tic processes in multidimensional space. The most important baseline example here
is the PPP in two- or three-dimensional space, a particular case of which (in one-
dimensional space) is the conventional Poisson process.

Let us assume that N(A) is a finite random number of isolated points within the
compact set A C R", where n is the space dimension. The definition of the PPP
comprises the following:

e for non-intersecting sets A; and As, the numbers of isolated points N(A;)
and N(Az) are independent random variables (RVs),

o the distribution Pr{N(A) = k},k > 0 of RV N(A) depends only on the area
or volume S(A) of A,

e if the area/volume S(A) of A tends to zero, then Pr{N(A) > 1} = o(S(A)),
where 0(S(A)) is infinitesimal with respect to S(A).

As a consequence of these conditions, the number of points for the PPP is dis-
tributed according to a Poisson process with the parameter p(A) = AS(A), where
A is the density of PPP, and the expected number of points pu(A) is a measure of
A. The PPP is thus a fundamental process, and for the subsequent network analy-
sis it represents the easiest option in terms of calculation. It is thus often taken as
the first modeling choice — mostly due to the fact that the realizations of the PPP
within any bounded and closed region follow a uniform distribution.

Given the uniform nature of points within an area of interest, the PPP may be
applied wherever the positions of network entities (transmitters and receivers) may
be assumed ”purely” random. Similarly, there also exists a Binomial Point Process
with a difference in that it offers a fixed number of nodes within the given region.
However, in the real networks the positions of the communicating entities might
have a more complex structure and include a certain level of dependence in node
locations. For example, 3GPP specifications suggest that the base stations cannot
be deployed closer to each other than a particular distance threshold, which may
be modeled according to a Hard-Core Point Process, where the minimum distance
between the points is set.

Other highlights from the practical point of view are Matern and Thomas Cluster
Processes, where the points are grouped around the independent cluster centers ac-
cording to some distribution (uniform and Gaussian, correspondingly), which might
be very useful in modeling clustered user deployments around WiFi access points
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(APs). Finally, one example of a fairly tractable point process is Ginibre Process
that models a so-called determinant repulsion between nodes. A variety of other
area-interaction processes and simulation approaches may be found in [117] or more
specific literature on stochastic geometry and point processes (see [118], [119], [120],
[121], and the references therein). A detailed description of spatial point processes
applied exclusively to the area of wireless communications may be found in [20] and
[111].

3.2.2 Signal Propagation and Path Loss Model

The received signal quality significantly depends on the distance between the trans-
mitter and its respective receiver, which in terms of network modeling directly
follows from the corresponding point process. However, the distance is not the only
factor determining the resulting signal quality. In order to simplify the modeling
and omit the details of wave propagation, a range of ”classical” solutions predict-
ing the average signal strength has emerged over the years. Following the goals of
this thesis, that is, to provide a first-order time-averaged performance evaluation,
we only concentrate on considering the large-scale propagation models, by omit-
ting the fading-related details in what follows. To pursue this topic further, the
interested reader is advised to consult with [122].

The simplest propagation model is used in the line-of-sight (LOS) channels un-
der ideal conditions and is given by the Friis free-space equation for the received
power level p,..(d):

1 A\
prw(d) = ptzGthrmE = pta:Gthra: (471_[1) y (31)
where d is the distance, p;, is the transmit power, Gi,/G., is the transmit-
ter /receiver gain, L is the path loss on the linear scale, and X is the wavelength.

The last part of the above constitutes the free-space path loss model L = (F)\d)_2'

However, ideal LOS conditions are seldom the case in evaluating the more ad-
vanced cellular networks. As an example (more complex, but still classical), let us
consider a widely-used Hata model for urban areas, which is applicable in the range
from 150 MHz to 1500 MHz [122]. The equation for the path loss on the decibel
scale is given as follows:

Lap = 69.55+26.161g f, — 13.821g hyy — cv(hyg) + (44.9 — 6.551g hyy) lg d, (3.2)

where f. is the carrier frequency (in MHz), hy;/h,. is the transmitter/receiver an-
tenna height, and a(h,,) is a correction factor:

alhy) = (1.11g fe — 0.7)hyy — (1.561g fo. — 0.8), small/medium city,
a(hyy) = 8.29(1g 1.54h,,)? — 1.1, large city, f. < 300 MHz, (3.3)
a(hyz) = 3.2(1g 11.75h,,)? — 4.97, large city, f. > 300 MHz.

Given a large number of related models, and depending on the considered RAT,
any other methodology may be used, including the standardized urban models from
3GPP documentation. We note here that in the MHz band, such models have been
well-investigated in the past and are built on extensive field measurements.
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3.2.3 Data Transfer Rate

The use of an appropriate modulation and coding scheme allows for mitigating chan-
nel errors through adding some redundancy, therefore lowering the transmission
rate. The connection between the channel conditions and the achievable channel
capacity may thus be given by the Shannon’s formula [123]:

¢ = wlog, (1 + %) ) (3.4)

where p is the received signal power based on the path loss between the transmitter
and the receiver, e.g., (3.1) or similar, while w is the bandwidth and N is the noise
power, which in turn may include both noise and interference N = Ny + I, where
interference I is a sum of signals from the interfering transmitters.

3.3 GENERAL DESCRIPTION OF PROPOSED METHODOLOGY

We deliver our methodology in the form of a simple construction set, i.e., a collec-
tion of building blocks, which may be arbitrarily combined to construct the required
system model and produce the corresponding solution. Below, we provide a brief
description of how the proposed construction set works.

The main structure of our methodology, as well as its intermediate and related
outputs are given in Figure 3.1. In particular, we differentiate between the space
unit (SU), which corresponds to the user and infrastructure deployment (left), and
the time unit (TU) related to the user arrivals, service, and departures (right). Both
units consist of several sequential building blocks (e.g., distribution of the infras-
tructure), where for each block we have several alternative options to select from
(e.g., PPP). After choosing exactly one option for each block in our classification,
the outcomes of the SU (such as the distributions of distances, SINR, and the re-
source required for service) could be transferred to the TU in a form of transition
probabilities for the core Markov process.

The general structure of the underlying Markov process is generated based on
the corresponding selection in the TU. Combining the output distributions from the
SU with the structure of the process in the TU, we arrive at the queuing theoretic
problem formulation with known transition probabilities. Depending on the com-
plexity of both components: (i) the expressions for transition probabilities and (ii)
the structure of the Markov process, for the resulting problem formulation we may
obtain a numerical or a closed-form solution. We emphasize here that depending
on the selection of blocks, both components might lead to nontrivial formulations.

In what follows, we illustrate how the proposed construction set may be applied
to analyzing the integrated HetNets, which may imply various density of infras-
tructure as well as different mechanisms for interaction between the communicating
entities. In the absence of prior information about their locations, we exemplify
below based on the PPP, as a simplest solution for both user and infrastructure
deployment.
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Figure 3.1 Construction set structure and outputs of the proposed methodology.
3.4 PROPOSED TAXONOMY FOR HETNETS

Here, we consider a characteristic HetNet example as well as demonstrate the
methodology discussed above in its application to the generic HetNets. We be-
gin with describing our proposed classification for the distinct types of HetNet
tiers, embracing their distinguishing features from the analytical perspective.

To this end, we consider one tagged macrocell with the base station (BS) located
at the center, which collects all the relevant control information and feedback as
well as performs network assistance by making decisions and employing admission
control mechanisms. Moreover, for every tier in such a HetNet, we differentiate
between three main components (see axes in Figure 3.2) that primarily determine
the corresponding mathematical constructs, namely:

e interference (insignificant, so that it may be neglected, vs. significant, which
is to be accounted for explicitly),

e power control/resource allocation (varies from the fixed power allocation, i.e.,
absence of power control, to round-robin resource allocation, while an optimal
power allocation may be located somewhere between these extremes [108]),
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e resource utilization (dedicated resources per a communication link vs. shared
channel access by several links).

Power control/

- resource allocation
L ; Type 1l

D2D, LTE-Direct

Macro tier, LTE ey ey

D2D, WiFi-Direct

.' Significant

R R, ‘.

: : ' :
I’?Iaxlmum= power Insignific

! Exclusive : e Interference

WiFi, DCF

Figure 3.2 Proposed taxonomy of various HetNet types.

In Figure 3.2, we illustrate the three-dimensional space formed by the above
three criteria and specify various HetNet types as examples in thus introduced
space. Particularly, we split the provided points (examples) into three groups and
further consider these groups separately as individual models:

e Type I (conditionally termed ’macro’): resource is shared between several
links, impact of interference may be neglected due to the technology-related
features (such as coordination, frequency reuse planning, tight beamforming,
as well as other more recent and advanced techniques).

e Type II (conditionally termed 'D2D’): resource is exclusive for one link, but
interference has to be taken into account.

e Type III (conditionally termed ’small cell’): resource is shared between sev-
eral links, and interference between the neighboring cells has to be taken into
account.

In more detail, we have enumerated the above types according to their increasing
complexity (see Figure 3.3). The simplest, type I ("'macro’), is equivalent to one cell
under a macro BS coverage (one entity), where interference from other entities can
be treated as the background noise due to sophisticated interference control pro-
cedures, which constrain the resource at the BS to be shared across all the users
in service. A more complex scenario is named type II ("D2D’), when the resource
is exclusive for a transmitter-receiver pair and thus cannot be shared with others,
but the interference from other connections (entities) is considerable and has to be
taken into account. Finally, the most complicated option, type III (’small cell’), im-
plies significant interference between the communicating entities, as well as sharing
the common resource by several transmitters.
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Type | Type Il
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Interference
Figure 3.3 Tllustration of our classification for various HetNet types.

Due to a wide variety of alternative power control mechanisms, we combine all
the power allocation schemes into one group vertically (see Figure 3.2), and here-
inafter refer to the system types as specified above. As an example, the point
WiFi, DCF is based on IEEE 802.11 WLAN standard and corresponds to signif-
icant interference between the WiFi ”cells”, while the resource of a single AP is
shared between several users with fixed transmit power. Another example is the
point WiFi, LTE-Direct, where interference between the neighboring links may be
high enough, but up to the entire uplink resource per link may be allocated to one
transmitter exclusively.

3.5 GENERAL ASSUMPTIONS OF THE MODEL

In what follows, we introduce our integrated system model comprising a number
of cellular macro- and small cells, WLAN, as well as D2D connections, which we
refer to as tiers. Below, we summarize the core assumptions made throughout this
thesis, by reflecting the elements of our construction set (see Figure 3.1).

We study one (typical) cell of a macro network with the radius of R, featuring
a macro BS in its center. We assume that T radio networks (RATSs) are available
within the macrocell coverage. Every network is an instance of one of the above
three categories (see, for example, Figure 3.4), that is, belongs to the type I, II,
or III. All the networks are serving uplink data from their wireless users concur-
rently. For the sake of exposition, the considered traffic is characteristic of real-time
sessions with the target bitrate of rg.

Based on the recent specifications in [75], we further assume non-overlapping fre-
quency bands for all tiers. Therefore, user transmissions on one tier do not interfere
with those on the others. However, all links of types IT and III (for instance, cellu-
lar small cells, WLAN, or D2D) share the frequency bands of their respective tiers
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and thus interfere, whereas the tier type I is interference-free. Our general system
model is illustrated in Figure 3.4 representing the area of the macrocell as type I
tier, small cell and WLAN coverage as type I1I tier, and D2D system as type II tier
together with all the corresponding users and infrastructure nodes.

Macro base station
coverage area

———>» Transmission

' Base station

N ..

All tiers

Macro network
H section
Small . JERSTTEIN L

base station, . - -

Small cell RS L
network section Macro )/
. - - “\base station/;
WIAN ) .o
access point/)’

% Macro network area

WLAN section

D2D section

Figure 3.4 System model of a four-tier HetNet within a macro cell of radius R: the cuts
demonstrate different network tiers.

We assume that the transmitting users (or, sessions) with some uplink traffic
demand arrive into the joint network according to one-dimensional Poisson process
of rate A in time. We thus associate a newly arrived user with its session and its
location, which is assumed fixed throughout the lifetime of the session. For the
sake of tractability, we also assume that the duration of a user session is distributed
exponentially with the mean of p~', which may correspond to, e.g., a real-time
voice/video call. To explicitly model system spatiality, we further make the follow-
ing principal assumption.

Assumption 1. Spatial distribution of users. The locations of arriving users
follow a Poisson point process on the two-dimensional plane. The area of our in-
terest is limited by the considered macro cell (e.g., circle of radius R), resulting in
uniform distribution of users within the circle.

Additionally, we adopt the following assumption about the locations of users and
network infrastructure.

Assumption 2. Spatial distribution of infrastructure. Type II. For every
session i of the tier type 11, we differentiate between the transmitting user T;, which
is the data originator, and the receiving user R;, which is the respective destination.
We further assume that for the transmitting user T;, the corresponding receiving
user R; arrives simultaneously with T;, such that the location of R; is distributed
uniformly within the same circle of radius R.



24 COMPREHENSIVE METHODOLOGY FOR SPACE-TIME NETWORK ANALYSIS

Type III. The locations of receivers (e.g., APs/BSs) on the tier type III are inde-
pendent and spatially distributed according to a PPP on the two-dimensional plane
with the rates of L;, where i is the sequential number of the corresponding tier
(1<i<o0).

We note that in practice the constraint of deploying users within a particular
area may be dictated by, e.g., maximum transmit power restrictions and/or chan-
nel degradation factors. Moreover, uniform distribution for the tier type II is only
assumed here as a baseline example. Generally, we may consider any other distri-
bution f(x,y) of user locations, which would somewhat complicate further analysis
technically, but without significant impact on the derivation methodology.

Assumption 3. Signal propagation. For all tiers, we assume for tractability
that for the ongoing session the wireless channel gain -y ; between the user k and
the receiver j depends on the distance dy ; separating them, and therefore it may be
expressed as:

G

- = 3.5
i (3.5)

k.

where dy, ; is the distance between the receiver and the transmitting user, K is the
propagation exponent, and G is the propagation constant determined by a particular
RAT and accounting for the corresponding channel model.

The above expression may directly follow from the selected propagation model
(e.g., offered by 3GPP or as it has been described in Section 3.2.2). We continue
by specifying the power-rate mapping.

Assumption 4. Power-rate mapping. We assume that the data rate is con-
tinuous and that the power/rate mapping is given by the Shannon’s formula [123],
[124]. This consideration has been shown in [P2] to remain very accurate for cur-
rent wireless networks. Hence, the transmit power p; of a user i and its data rate
r; (in [nats/s]) are coupled by the generalized Shannon’s capacity theorem:

r; = min{Blog (1 + Ap;) , "im }, (3.6)

where p; is the output power of the radio-frequency power amplifier, whereas A and
B are the scaling coefficients that depend on the particular RAT used. For the sake
of an example, these are given as A = 1333:‘1,3 = w, where ; ; s the path gain be-
tween the user and the receiver for session i, 1 is the fading margin, w is the channel
bandwidth, Ny is the noise level, and I is the interference level at the receiver.

The constant T, defines the constraint of the data rate growth based on the
fixed set of modulation and coding schemes. Hence, further increase in the SNR

does not yield the unbounded data rate increase after a certain value of dy =
1/k

G-p
(N0+1)(emm/w_1)

While random network topology is the primary focus of our model, we also in-
vestigate flow-level system dynamics. This involves an appropriate queuing model,
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where the session arrives and leaves the system after being served (the service time
is determined by the random session length). When a new session arrives or a
served session leaves the system, the centralized assisting entity in the cellular net-
work performs admission and power control on all tiers by deciding whether the
session would be admitted to a particular tier or not (admission control) and/or
advising on the user’s transmit power (power control).

For each of the three considered tier types, the corresp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>