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Abstract

Meeting in a sustainable way the demands of an unprecedented explo-
sive growth in the number of connected devices and mobile data traffic, next-
generation mobile networks are expected to make flexible use of spectrum and
provide higher capacity by a denser deployment of radio access network infras-
tructure. In addition, the allocation and the utilisation of radio access resources
should improve spectrum usage efficiency and keep energy consumption low,
implying the capability to effectively exploit the denser deployment of radio
accesses and the co-existence of radio accesses belonging to one or multiple
radio access technologies. The term radio access (RA) is used to denote the
radio resources associated with a frequency carrier that can be allocated to one
or multiple users for their data transmissions.

In a network consisting of multiple radio accesses, improvements in spectral
and energy efficiency can be achieved when either channel gains are increased
or interference is eliminated or both. There are at least three possible ap-
proaches to improve performance, namely, (i) by opportunistically utilizing
channel conditions of multiple radio accesses, (ii) by mitigating interference
across and within radio accesses, and (iii) by redistributing traffic load among
radio accesses. In this work, four different technical solutions for downlink
transmissions have been studied and evaluated with respect to throughput,
spectral efficiency and energy efficiency performance: (a) multi-access transmit
diversity, which refers to the dynamic selection of multiple radio accesses for
the transmission of a user’s data, (b) inter-cell interference coordination, which
mitigates interference by dividing radio access bandwidth among neighbouring
nodes, (c) power on/off of access nodes, which mitigates interference by switch-
ing off radio accesses of interfering neighbouring nodes, and (d) radio access
load balancing, which effectively distributes load by associating users to radio
accesses where the expected rate is higher. For the implementation of the tech-
nical solutions different algorithms have been devised and their performance
have been evaluated for different user distribution scenarios and different het-
erogeneous multi-radio access networks deployments consisting of at least a tier
of macro-cellular and/or a tier of pico-cells of different densities.

The technical solutions are combined into a framework for the allocation
and utilisation of radio access resources in heterogeneous multi-radio access
dense networks. The framework consists of two subsequent steps: (1) a step
solving the multi-radio allocation problem which associates users with a sin-
gle or multiple radio accesses in the network on the basis of the expected data
rates, and (2) a step solving the multi-radio utilisation problem that determines
which of the associated radio access(s) should be used at any time for the user
data transmissions in the downlink on the basis of the expected instantaneous
data rate. To solve the first problem, we employ the flexible spectrum access
solution that performs load balancing by associating users to multiple radio
accesses while keeping radio accesses without users switched off. For the sec-
ond problem, we utilise different multi-radio transmit diversity schemes while
taking into account different forms of static inter-cell interference coordination.
The evaluation of our framework, which is performed by means of simulations,
demonstrates significant performance improvements in terms of user through-
put, cell-edge throughput, spectral efficiency and energy efficiency.
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Sammanfattning

För att på ett hållbart sätt uppfylla de krav som en explosiv framtida till-
växt i mobildatatrafik medför, förväntas att nästa generations radionät ger en
högre nätkapacitet genom en tät utbyggnad av radionätinfrastruktur, och en
effektiv användming av radioaccessresurser. Avhandlingen behandlar resursal-
lokering och resursutnyttjande i radionät med flera olika radioaccesser tillhö-
rande en eller flera olika tekniker. Radioaccesserna, som tilldelas radionätets
användare kan användas parallellt eller sekvensiellt där bäraren med högst kva-
litet används vid varje transmissionstillfälle. Med radioaccess avses här är en
frekvensbärare som består av en eller flera radio resurser som kan tilldelas
användare för deras dataöverföringar. Fyra olika tekniska lösningar har stude-
rats och utvärderats med avseende på genomströmning, spektrumeffektivitet
och energieffektivitet: (a) multi-diversitet, som gäller det dynamiska urvalet
av flera radioaccesser för överföring av en användares data, (b) samordning
av intercell-interferens, vilket minskar störningar genom att dela upp radio-
bandbredden bland grannoder, (c) slå på/av transmissionseffekt, vilket mins-
kar störningar genom att stänga av radion i angränsande noder som stör, och
(d) lastbalansering mellan radioaccesser, som effektivt fördelar lasten genom
att associera användare till radioaccesser där förväntade genomströmningen är
högst.

Dessa tekniska lösningar kombineras till ett ramverk för resursallokering
och resursutnyttjande i multiradioaccessnät. Ramverket består av en tvåstegs-
lösning till två på varandra följande problem: (i) ett resursallokeringsproblem,
där användarna associeras till radioaccesser på grundval av de förväntade ge-
nomsnittliga genomströmningarna, och (ii) ett problem för resursutnyttjande,
där användarna nyttjar radioaccesserna på grundval av de förväntade momen-
tana genomströmningarna. För att lösa det första problemet, använder vi oss
av en teknisk lösning som bygger på lastbalansering, där användare tilldelas
en eller flera radioaccesser, samtidigt som radioaccesser utan användare stängs
av. Det andra problemet löser vi genom att använda oss av olika former av
multi-diversitet, samtidigt som vi tar hänsyn till samordningar av intercell-
interferens. För genomförandet av de tekniska lösningarna har olika algoritmer
tagits fram och deras prestanda har utvärderats för olika användarscenarier.
Vi studerar installationer av heterogena multiradioaccessnät som består av
åtminstone en grupp av makroceller och/eller picoceller av olika densitet. Ut-
värderingen har utförts med simuleringar som visar betydande prestandaför-
bättringar i form av datagenomströmning, cellkantsgenomströmning, spektru-
meffektivitet och energieffektivitet.
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Chapter 1

Introduction

1.1 Motivation

The introduction of the packet switching paradigm in the mobile cellular networks
underpinned the development of the “all IP access networks” vision. The Inter-
net Protocol (IP) access vision brought the Internet design principles into mobile
communications, revolutionised the way we do business, create new business oppor-
tunities and became the driver of economy and society. Mobile Internet access has
fuelled the development of converged networks and together with the advances in
technology of hand-held devices promoted a tremendous growth of mobile voice and
data over mobile cellular networks. Adapting to an ever increasing supply of capac-
ity for voice and data, user communication behaviour changed towards an “always
connected” and “constantly on-line” way of living where users exchange information
with each other about anything, from everywhere, and at any time. Users of all
ages enjoy the opportunities and interactions made possible by social, mobile and
wireless networking.

According to Cisco’s virtual networking index forecast for 2014-2019 [41] and as
shown in Figure 1.1, mobile traffic is expected to grow at a compound annual growth
rate (CAGR) of 57% from 2014 to 2019, or a 10-fold, and will reach 24.3 exabytes
per month in 2019. There will be 11.5 billion mobile devices in 2019 resulting in a
3 times faster growth of the global mobile data traffic than global fixed IP traffic.
Traffic from wireless and mobile devices will exceed traffic from wired devices by
2019. Dealing with such a rapid growth in mobile data, audio and video streaming
to/from an increasing number of mobile users requires a projected 1000-fold increase
in total capacity of next-generations of wireless systems. According to Cooper’s law
of spectral efficiency, capacity improvements can be achieved either by means of
allocation of more spectrum, more spectral efficient physical layer techniques and/or
a densification of wireless infrastructure. In [43], it is estimated that the increased
capacity can be achieved by three times more spectrum, five times more efficient
use of spectrum and a total of 66 times more efficient spatial reuse. Efficient spatial
reuse implies a significantly denser deployment of radio access nodes.

3
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Figure 1.1: Mobile traffic predictions according to Cisco Virtual Networking Index
Forecast Study (regenerated from [41])

Next-generation wireless systems aim at combining the wide coverage of the
cellular networks with a densification of small-cells to increase capacity through
frequency reuse, especially in densely populated areas. However, it is not likely
that future networks will be ultra-dense everywhere and all the time. Typically,
for reasons of deployment and energy costs, the dense network scenario topology
will be relevant for hotspots and urban scenarios where most needed and where the
necessary infrastructure solutions are affordable. In other geographical regions, the
classical network topology will still be the most efficient solution. In fact, the operat-
ing expenditure (OPEX) of today’s networks scale with the increased infrastructure
and the energy consumption associated with it. The transmit power required to
accomplish the higher data rate should hence not only be optimized with respect to
spectral efficiency but also with respect to the network energy consumption. There-
fore, future radio access networks should assure both spectral- and energy-efficiency.
These objectives involve both the development of new radio technologies, which aim
at further improving spectral efficiency, but also the cooperation among existing and
new radio access technologies. By means of cooperation the heterogeneity of the
underlying radio access networks should be transparent to both mobile users and
services. Further integration opens the potential to access any network providing
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an “always best experience” for end users, in an “always best connection” fash-
ion [44]. It also opens the possibility for mobile devices to be served via different
infrastructure nodes possibly belonging to different radio access networks (RANs)
implemented by different radio access technologies (RATs) and operated by different
operators. The co-existence of different radio technologies e.g., 3GPP GSM/GPRS,
UMTS and LTE, IEEE 802.11a/b/g/n and 802.16, at the same location provides
a heterogeneous multi-radio access environment where radio diversity gains can be
sought1. Diversity in conjunction with mechanisms for a flexible use of radio ac-
cess resources, (e.g., selection of the best radio access), serve both users (e.g. low
cost versus high performance) and providers (e.g. load and cost sharing). Further-
more, coordinating the effective usage of radio access resources within and between
different RATs requires technology solutions for multi-radio access allocation and
utilisation that are both spectrum and energy efficient.

Radio resource allocation for spectral efficiency

One of the main goals of radio resource management (RRM) is the efficient allo-
cation of radio access resources among the users in time, frequency and space so
as to maximize spectral efficiency, user rate and network throughput. Radio access
resources are made available to the mobile nodes (MNs) (or the user equipment
(UE)) of the users by a set of geographically spread radio access nodes comprising
the radio access network. Typically, each mobile node is connected to an access node
(AN), also called serving AN, for its data transmission. The radio access allocation
is constrained by the transmission power of the nodes and the interference they
cause to each other. Interference can be caused in both downlink (DL), where a
MN’s reception is interfered by neighbouring access nodes transmissions, and uplink
(UL), where an access node reception is interfered by other mobile nodes’ transmis-
sions that are connected to neighbouring ANs. Consequently, spectral efficiency and
user rate increase when the transmit power increases and the interference decreases.
However, an increase in the transmit power between an access and a mobile node in
the downlink implies an increase in interference onto mobile nodes of neighbouring
access nodes. One way of keeping the interference low is to assign each user a unique
set of independent, non-interfering and uncorrelated resources. The sets of radio
(access) resources assigned to users are, hence, orthogonal. In today’s wireless net-
works, various forms of orthogonal radio resource provisioning exist depending on
the RAT that implements the radio access (RA). Inherently orthogonal multi-RA
systems are those which accommodate multiple RATs or multiple carriers. In the

1The 3
rd Generation Partnership Project has defined four generations of radio access tech-

nologies including Global System for Mobile Communications (GSM), General Packet Radio Ser-
vice/Enhanced Data rates for Global Evolution (GPRS/EDGE), Universal Mobile Telecommu-
nications System (UMTS), High Speed Packet Access(HSPA), Long Term Evolution (LTE) and
Long Term Evolution-Advanced (LTE-A).The most relevant standards of Institute of Electrical
and Electronics Engineers (IEEE) are the specifications of WiFi (IEEE 802.11) for wireless local
area networks (WLANs) and Worldwide Interoperability for Microwave Access (WiMax) (IEEE
802.16) for wireless metropolitan area networks (WMAN).
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case of multi-RAT, each RA may correspond to a different RAT that operates its
own protocol stack at its own frequency band, e.g., GPRS/EDGE, UMTS and WiFi
operating at 900, 2100 and 2400 MHz frequencies of the radio spectrum. In the case
of multi-carrier each RA corresponds to a different component carrier of the spec-
trum associated with one single RAT. A typical example is the LTE-A which allows
the aggregation of multiple component carriers to a contiguous or non-contiguous
spectrum supporting higher bandwidth (that equals the sum of all aggregated car-
riers). Another form orthogonal radio resource allocation is performed by means of
frequency reuse, where frequencies are divided and spatially reused by ANs located
at a distance, hence, reducing inter-site interference.

Multi-RAT has its origins in the transition from circuit switched to packet
switched mobile networks. The early generations of 3GPP specifications [45] that
standardize the 2.5G (GPRS/EDGE) and the 3G (UMTS) packet switched net-
works, constitute the first transmission step from the circuit switched 2G (GSM)
cellular network to an all-IP fixed/mobile network. GSM was mainly planned to
provide national coverage for mobile telephony. Due to its legacy as a mobile tele-
phony network 3G could only provide a moderate capacity for the data traffic as
compared to IEEE 802.11 [46, 47] standards for local area networks. The moder-
ate capacity of 3G and the expectation to support high levels of data traffic forced
solutions for the integration of the different multiple radio accesses. The goal was
labelled “always-best connected” and it assumes multi-mode/multi-RAT handsets
and an heterogeneous network where radio accesses significantly overlap in terms
of coverage. Here, multi-radio access (MRA) refers to the transparent integration
and utilization of multiple radio accesses from a user, provider and a regulator
perspective. From a user perspective multi-RAT facilitates flexibility to choose
access according to needs and possibly freedom to access “any” network without
additional subscription. Transparent integration allows for an enhanced quality of
service (QoS)/quality of experience (QoE), service coverage at lower cost and ser-
vice continuity during user movement. For the providers multi-RAT is the enabler
of better service and access offers to the end-users, increased customer base, radio
resource efficiency (e.g., traffic offloading to WiFi) and efficient integration and mi-
gration of new technologies. Finally from a regulator perspective multi-RAT implies
efficient spectrum allocation and increased competition.

One of the major advantages of multiple RATs/carriers is that they support ubiq-
uitous coverage and wider bandwidth per unit area. Supporting wide bandwidth
and coverage within a single RAT has been the goal of LTE and its enhancements
in LTE-Advanced (LTE-A) which target to make the technology compliant with the
International Telecommunications Union’s requirements for IMT-Advanced (IMT-
A). LTE-A aims at supporting a maximum bandwidth of 100 MHz by allowing the
transmission and reception on up to five component carriers (CCs), each with a max-
imum bandwidth of 20MHz. This technique is known as carrier aggregation (CA)
and can be implemented in three different ways (i) inter-band aggregation, where
the CCs are located in different frequency bands, (ii) non-contiguous intra-band
aggregation, where the CCs are in the same band and (iii) contiguous intra-band,
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where the CCs are in the same band and adjacent to each other. The utilization
of multiple CCs allows for the definition of a multi-CC network that exhibits the
same advantages as a multi-RAT network. Namely, it will offer high peak rates to
individual users and transparently draw together fragmented spectrum without the
need to deploy lots of cells.

Apart from multiple independent RAs, radio resource orthogonality can be main-
tained within a single CC or a single RAT by means of frequency reuse (FR) and
inter-cell interference mitigation. The orthogonal division aims at reducing the
inter-cell interference that occurs when neighbouring or distant nodes transmits on
the same frequency band. To this end, frequency reuse is a static form of inter-
ference mitigation also referred to as Inter-Cell Interference Coordination (ICIC).
More advanced forms of ICIC exist, which apply restrictions on the resource allo-
cation in a coordinated manner between adjacent cells. In 3GPP LTE semi-static
restrictions in frequency and power correspond to a scheme which is called fractional
frequency reuse (FFR). There have been many proposals suggesting FFR schemes
as candidates to cope with inter-cell interference [48, 49, 50]. The fundamental idea
behind FFR is to divide the users in cell-centre users (CCUs) and cell-edge users
(CEUs) based on their location or signal-to-interference ratio (SIR) and then each
user category is assigned a different sub-band out of the available spectrum. Typi-
cally, 1-reuse is used for cell-centre users. However, by assigning different frequency
sub-bands to cell-edge users of neighbouring cells in a cellular network, as in 3-reuse
for 3-sectored sites or 7-reuse for omni-sites, it preserves orthogonal usage of radio
frequencies; hence reducing interference as compared to a 1-reuse scheme where the
whole frequency spectrum is used by all cells.

Power on/off of radio resources for energy-efficiency

A major drawback of boosting network capacity by increasing the transmit power
is mainly associated with higher energy costs. Over the last decade, global warming
has added to the agenda of the world community the challenge of reducing green-
house gas emissions. Although ICT and mobile communication networks in total
consume 2% and 0.5% of the global energy supply, respectively, the growth in the
data traffic turns “green” radio communication into an urgent issue for the wireless
network operators. The term green radio communications refers to radio resource
management solutions that are energy efficient. For the network operators besides
the long-term goals for a reduction of carbon emission there are shorter term eco-
nomical incentives. In 2G mobile networks a network operator was mainly a service
provider who owned the entire value chain. As such they could charge users for
the usage of scarce resources such like energy consumption. The introduction of 3G
in combination with the advent of smart-phone handsets and applications changed
significantly the value chain ownership in telecommunications. Services, including
traditional voice and text messaging, are provided to the users via applications to a
flat price of a mobile broadband subscription. This price should cover all expenses
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which apart from OPEX also include capital expenditure (CAPEX). However, due
to competition, the flat rate prices are kept low leaving small margins for prof-
its to the operator. The OPEX, which refers to the expenditures required for the
day-to-day functioning, includes energy and energy taxes, therefore energy-efficient
utilization of the network and savings in energy costs became an important aspect
of the 4G mobile networks standards specification.

One of the most obvious approaches to save energy in radio access networks is
to activate the radio network resources on a need basis, exactly as switching on/off
the lights at home. Deactivate the radio access nodes where there is no need and
reactivate whenever necessary to serve the users, thus avoiding to always power on
all the resources as if it always were peak traffic like in a busy hour scenario. The key
is to be able to follow traffic demands dynamically throughout the day. Although
current standards and radio base station equipment specify and implement various
forms of micro-sleep and discontinuous transmission/reception (DTX/DRX), the
term dynamic here does not refer to operation time scales of milliseconds or seconds
but rather to long time-scale operations equivalent to changes in traffic at different
time periods in the 24-hour cycle. It is expected that major energy efficiency gains
are achieved when radio equipment running in idle mode is shut down [51].

In the case of an heterogeneous network (HetNet), which consists of sites with
different power transmission, coverage and capacity profiles, one of the key opti-
mization problems is to maximize or maintain user throughput and coverage at a
minimum of energy cost [52]. The key question in this scenario is which nodes
are better powered off. From a user perspective reducing the energy consumption
whenever possible results in lower radiation and consequently, lower health risks (if
any). In addition users may enjoy a longer battery life and operation time. Simi-
larly, from a regulator perspective, advances towards energy efficient utilisation of
resources would lead to more sustainable communications and less environmental
pollution.

Future traffic demands

While improving energy efficiency is associated with economical and environmental
aspects of the information and communication technology (ICT), improving capac-
ity and QoS relates to the ICT services for the users. The last five years’ traffic
forecasts could not foresee the tremendous growth in mobile data traffic. The mobile
data traffic by year 2010 was more than 5 times greater than some of the estimates
for Report ITU-R M.2072 [53] and three times the volume of the entire global inter-
net traffic in the year 2006 [42]. In Figure 1.2, the range of the forecast for global
traffic represented by Report ITU-R M.2072 is depicted by the blue area. Also
included for comparison are the actual traffic figures (brown line) from the CISCO
Report [54], as well as that report’s forecast (red line). For year 2012 some oper-
ators could report traffic volumes exceeding the estimations of the 2020 forecasts
given in [53].
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Figure 1.2: Actual traffic and traffic predictions of ITU-R M.2072 (reproduced from
[42]).

The dramatic increase has been driven by new services enabled by new devices:
most notable was mobile video traffic which grew to 50% of all mobile data traffic
by 2007. In fact, the demand for mobile data services has grown significantly, with
a dramatic increase in total worldwide mobile data traffic between 2008 and 2010
that exceeded 500% [42]. This tremendous increase in the volume of mobile data
traffic is attributed to a wide range of enhanced hand-held devices that incorporate
cellular connectivity with data applications, including smart-phones, USB dongles,
tablets, e-book readers and gaming consoles. These devices offer larger screen sizes
and high resolution and hence increase data consumption and encourage the use
of traffic-intensive applications such as video calling. In the era of smart phones,
mobile voice, data and video services redefine human communication and constitute
almost a necessity of consumers’ lives.

In 2008, basic mobile voice phones accounted for 70% of total traffic (1319
petabytes (PB) per year) while in 2010, although smart phones represent only 13%
of total global handsets in use, they represent over 78% of total global handset
traffic. In developed markets, a smart phone generates about 50 times more data
per month than a basic-feature mobile phone. For example, in Western Europe a
smart-phone generates 73 MB of data traffic per month, compared to an average
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of 1.22 MB per month for a basic phone. In year 2014, smart devices amounted
to 26% of the total number of mobile devices and by year 2019 they are expected
to amount to 54% of total global handsets in use. In other words, by year 2019
more than half of all global devices connected to mobile networks will be smart
devices, that will stand for 97% of the total mobile traffic, from 88% in 2014 [41].
Enabling easy access to video streaming services, such as YouTube and Flash, via
touch-screen, smart phones has been a key driver of mobile data traffic growth, and
offered users the ability to enjoy website browsing and mobile video. By year 2010,
YouTube and Flash have generated the majority of mobile video traffic. For the
coming years, streaming or downloading video will be the source for most mobile
data traffic growth. Between 2009 and 2014 the compound average growth rate
(CAGR)2 exceeded 100% and mobile video by year 2014 grew to 66% of the total
mobile data traffic [42]. From 2014 to 2019 it is predicted that global mobile data
traffic will increase nearly tenfold and at a CAGR of 57%, reaching 24.3 exabytes
on a monthly basis by 2019 [41].

1.2 Background

The rapid growth of mobile data traffic and mobile devices leads to an ever increas-
ing demand on bandwidth and wireless access presence. An increasing volume of
mobile data also requires that fewer joules per bit have to be spent at the mobile
devices’ baseband receivers, or else the small battery-driven devices will run out
of power within just few minutes. In addition, higher demands for capacity raise
the demands in energy efficiency at the network side as well. Higher capacity is
associated with a significant increase in the energy cost and the power consump-
tion [55, 56]. To meet such a rapidly increasing demand in future radio access
networks, it is largely agreed that this evolution still requires continuous spectrum
efficient (or bandwidth efficient) and energy efficient utilization of the radio ac-
cess network resources. In fact, up to the requirements of the IMT-Advanced the
spectral efficiency in bits-per-second-per-Hertz (bps/Hz) was the predominant ef-
ficiency criterion (mainly due to spectrum scarcity) in all radio communications
standards specifications including High-Speed Packet Access (HSPA) [48] and the
IEEE 802.11n as well as the 802.16 and 3GPP LTE [57] and LTE-A [58]. Power
efficiency measured in bits-per-second-per-Watt (bps/W) is considered an apprecia-
ble factor in wireless communications. By definition, efficiency is a quality of doing
something well, effectively and without wastes. It characterizes the relation between
the offered and the consumed resources. Recently the above, and other, forms of ef-
ficiency are defined and their trade-off is analysed including spectral (or bandwidth)
efficiency, energy (or power) efficiency and deployment efficiency [59, 60, 61, 62]. To
this end, the frequency spectrum, the power, and the spatial location of the radio

2Compound annual growth rate (CAGR) is an investing specific term for the geometric pro-
gression ratio that provides a constant rate of return over a time period.
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transceivers have been identified as the three of the key elements of the wireless
networks and the electromagnetic medium. In the remainder of this section some
basic concepts and approaches associated with spectrum and energy improvements
will be discussed to provide a theoretical background for the research objectives of
this thesis.

Basic concepts

Starting from the Shannon capacity formula, the achievable capacity C in bits/s of
a receiver i connected to a transmitter j during a given period ∆t is given by

Ci,j = Wj log2(1 + γi,j) ∀ i, j, (1.1)

where Wj is the bandwidth in Hz, and γi,j is the signal-to-interference and noise
ratio (SINR) between the transmitter j and the receiver i. The SINR for the DL
can be expressed as follows

γi,j =
Gi,jPi

∑

∀k,k Ó=j (1 − τj,k)JkGi,kPk + σ2
. (1.2)

Assuming DL transmission, where the receiver corresponds to the mobile node
and the transmitter corresponds to the serving access node (or base station or cell3),
Pj is the transmit power of cell j, τj,k refers to the portion of orthogonality of radio
resources between access nodes j and k, (0 ≤ τj,k ≤ 1), σ2 is the noise power at the
receiver, Jk is a binary quantity indicating whether the kth cell is powered ON,
Jk = 1, or OFF, Jk = 0, and Gi,j is the channel gain. It has to be noted here
that the effective interference power received at mobile node i from access node
k is (1 − τi,k)JkGi,kPk and the total interference power, which characterizes inter-
cell interference, is the sum of the effective power of the interfering access nodes.
Furthermore, in (1.2) it is also assumed that there is no intra-cell interference. Based
on the above formulas the spectrum efficiency in b/s/Hz is given by

ηs =
C

W
= log2(1 + γ) [bits/s/Hz] (1.3)

and the spectrum efficiency in b/s/Hz for cell j, assuming only i = 1 user in the
jth cell, is as follows

ηs[j] = log2

(

1 +
Gi,jPj

∑

∀k,k Ó=j (1 − τj,k)JkGi,kPk + σ2

)

. (1.4)

3For contextual clarity, hereafter in this section, the terms “mobile node” and “user” will be
used interchangeably to denote the receiver, and the terms “cell”,“base station” and “access node”
to denote the transmitter.
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The energy efficiency is defined as the number of delivered bits over the energy
consumption E within a time period equal to ∆t, that is

ηe =
C∆t

E
=

C

P
[bits/s/Watt] . (1.5)

From the perspective of cell j energy efficiency can be expressed as follows

ηe[j] =
Wj

Pj

log2

(

1 +
Gi,jPj

∑

∀k,k Ó=j (1 − τj,k)JkGi,kPk + σ2

)

= ηs[j]
Wj

Pj

. (1.6)

In (1.5) and (1.6) only the transmit power is considered. In the literature the
total transmit power of a base station is given by P = αPj + b where P is the total
input power of a base station and Pj is the power fed to the antenna. Coefficient α
is a scaling factor associated with traffic load and accounts for radio frequency am-
plifier, including feeder loss, and coefficient b corresponds to power spent for traffic
independent components including cooling and backhaul. Coefficient b is typically
neglected for pico cells, and P is only proportional to traffic load, i.e., P = αPj .

Approaches for throughput and energy improvements

From the above definitions it can be deducted that spectrum and energy efficiency
increase when either channel gains are increased or interference is decreased or both.
In addition energy efficiency improves with increased bandwidth. Consequently,
there are at least three possible courses of action or approaches to control spectrum
and energy efficiency, namely, (i) by opportunistically utilizing channel conditions,
(ii) by mitigating interference, and (iii) by redistributing the load. These approaches
are discussed further below.

Channel dependent opportunistic approaches In general the channel gain
can be expressed as

Gi,j = cGaGsf d−α |hi,j |2 (1.7)

where c is the path loss coefficient, α is the path loss exponent at distance d, Ga is
the combined transmitter and receiver antenna gain, Gsf is the shadow fading, and
|hi,j |2 is the fast fading. By exploiting the variations of Gi,j in both slow and fast
fading, spectral efficiency gains can be improved by means of a packet scheduler that
selects among the users with better channel conditions. In the case of single-RA,
such as in a single RAT scenario, this would be achieved by a scheduler implementing
a maximum throughput/SINR scheduling scheme where users are selected according
to their expected throughput/SINR. In case of multi-RA, such as in a multi-RAT
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scenario where users may have access to all RATs, selecting among the best RAs
to schedule the users to would further increase user throughput and/or spectral
efficiency. In other words the selection criteria of user i in case of throughput may
be written as

j⋆ = arg max
j

{Wj log2(1 + γi,j)} ∀ j, (1.8)

and in case of spectral efficiency as

j⋆ = arg max
j

{log2(1 + γi,j)} ∀ j, (1.9)

To illustrate this let us assume a user i, covered by two independent RAs j = 1

and j = 2 with zero-interference and with capacity Ci,1 = W1 · log2

(

1 +
P1Gi,1

σ2

)

and Ci,2 = W2 · log2

(

1 +
P2Gi,2

σ2

)

respectively. We also assume that both RAs

have equal bandwidth, i.e., W = W1 = W2, and transmit with equal power, i.e.,
P = P1 = P2. Due to fading, at any one transmission time ∆t, the channel can
be in two states: a good state, where a user may receive/transmit with capacity

Ci,j = W ·log2

(

1 +
P Gi,j

σ2

)

and, a bad state, where the user can not receive/transmit

at all i.e., Ci,j = 0. For the sake of simplicity, assume further that the probabilities
of being in either state is Probgood = Probbad = 0.5, for each RA independently.
If the user is allocated to only one RA at all times, then the probability of a user
transmitting in good state equals 0.5, giving an average capacity of 0.5Ci,j . Whilst,
in case of multi-radio transmission, where the user may select among the two RAs
as determined by the channel state, the probability of transmitting in good state
equals 0.75. As compared to single-radio transmission the average capacity of the
user is increased by 50% to 0.75Ci,j . This increase is attributed to the multi-
RA transmit diversity or multi-radio transmission diversity (MRTD) and can be
performed in different time scales ranging from few milliseconds up to minutes or
hours depending on the channel state information rate and statistics4.

Interference mitigation approaches Let Ii,j =
∑

∀k,k Ó=j (1 − τj,k)JkGi,jPk de-
note the interference on mobile node i when it is served by access node j. With
respect to Ii,j and for a fixed cell bandwidth Wj and transmit power Pj , gains in
ηe[j] and ηs[j] are achieved by (i) increasing orthogonality, or (ii) by switching off
neighbouring cells Jk. The former is classified as a spectral efficiency technique,
while the latter belongs to the class of energy efficient techniques.

4In reality not all RAs that operate on the same bandwidth, have similar spectral efficiency
and/or transmit with the same power, hence, limiting the number of scenarios where channel
dependent opportunistic approaches are beneficial.
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i. Orthogonal provision of resources: The effect of orthogonality can be expressed
in terms of the orthogonality factor τj,k. Full orthogonality implies zero inter-

ference i.e., if τj,k
∀k

−→1 then Ii,j → 0. For single RAT networks orthogonality is
maintained by means of FR and ICIC. Equivalently in multi-RATs or multi-
CCs networks, orthogonality is inherent in the network when neighbouring
cells operate in different RATs/carrier components. As it will be explained
later, the spectral efficiency is increased even further if multiple RATs or car-
riers are dynamically selected based on RATs’ channel conditions. To this end
orthogonal provisioning of resources is foremost a spectral efficiency technique.

ii. Switching off resources: The effect of switching off resources (i.e, cells, sectors,
RAs, CCs or bands) can be expressed in terms of the power on/off indicator
Jk. Would an increasing number of neighbouring interfering nodes switch
off then interference would approach zero. Certainly if all interfering nodes
are removed then interference would be zero i.e., if ∀k, Jk = 0 then Ii,j = 0.
In single-RAT networks, switch on-off is performed by shutting down cells,
sectors or by running in a DTX mode where resources in frequency and/or
in time are not used. Certainly when traffic load is low, significant energy
reductions gains are achieved by dynamic switch on/off of cells. In multi-
RAT scenario energy efficiency is achieved by switching off a number of the
available RATs. As compared to DTX [63] which operates at a period of
milliseconds, dynamic switch on/off of resources aims at following the average
traffic changes over a day, hence operating at time scales equivalent to tens of
minutes or hours.

Load distribution approaches From (1.1) it can be directly derived the simple
fact that user throughput improves if more bandwidth is made available to the user.
However, the amount of bandwidth assigned to a radio access network that complies
to a certain RAT is regulated and fixed. Therefore one way to increase the average
share of bandwidth available by a RAN to each of its users is by redistribution of
load. Such a redistribution of load can be achieved by means of user redistribution
or load balancing. Load balancing aims at optimizing the distribution of the user
transmission load among the access nodes of the RAN. To illustrate this, let’s define
the load, Lj , of an access node j, by the number of mobile nodes it serves. Assuming
an access node bandwidth of Wj , best effort traffic model and round-robin schedul-
ing, the user throughput of mobile node i can be approximated by expanding (1.1)
to include the access node load Lj as follows

Ci,j =
Wj

Lj

log2(1 + γi,j) ∀ i, j, (1.10)

Based on (1.10), it can be concluded that a user’s throughput Ci,j is higher
if the user i is served by an access node j where the load Lj is lower. In general,
techniques that better distribute existing load among the access nodes may improve
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the throughput of certain users, however, it may have an impact on the spectral
and energy efficiency.

Characterization of approaches

The aforementioned approaches can be classified according to their performance ob-
jectives and the time scales they can operate at. In this thesis throughput and/or
energy improvements are the major key performance indicators (KPIs) which are
used to characterize these approaches. In summary, throughput improvements are
achieved in terms of spectral maximization, e.g., by exploring diversity gains for
best link selection, bandwidth maximization, e.g., by exploring load balancing, and
interference coordination, e.g., by exploring frequency reuse which also utilizes ex-
isting spectrum more effectively. Energy efficiency improvements are achieved in
terms of interference elimination, e.g., by switching off cells temporarily, hence,
consuming less energy as a result.

Moreover, the algorithms associated with the above approaches are applicable
at different time scales. Channel diversity gains may operate from milliseconds
to minutes and, hence, can benefit from the fast fading variations of the channel;
whilst interference mitigation and load balancing schemes operate on longer time
scales and can cope with variations of traffic and user load in time. To this end a
combination of these approaches at different scales is practically feasible.

1.3 Research objectives

In summary, within the context of heterogeneous multi-RA networks, the research
work is guided by the following two high-level questions:

• How much do we gain in throughput and spectral efficiency by each approach
independently and what would the power consumption and/or energy effi-
ciency be?

• How much do we gain in throughput and spectral efficiency if different ap-
proaches are combined and what would the power consumption and/or energy
efficiency be?

The main objective is to evaluate and determine how spectral and energy efficient
these approaches are, which approach shows the highest gain and what the total
gain of the combination is as compared to the individual approaches alone. The
evaluation will target spectrum and energy efficiency across independent RAs in
both single-RA, i.e., single-RAT/CC, and multi-RA, i.e., multi-RAT/CC, network
scenarios. More specifically in this thesis we
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(a) Implementation of approach (b) Application of approach

Figure 1.3: Solution and evaluation framework for the approaches studied in this
thesis.

1. develop solutions for and evaluate the performance of multi-RA transmission
diversity for user transmission in terms of throughput, spectral efficiency and
energy consumption by means of simulations and theoretical analysis;

2. develop solutions for and evaluate the performance of frequency reuse and
inter-cell interference mitigation/coordination for single-RA transmission in
terms of throughput and energy efficiency by means of optimization and sim-
ulation analysis;

3. develop solutions for and evaluate the performance of access node power on/off
for single RA transmission in terms of energy and throughput by means of
simulations;

4. develop solutions for and evaluate the performance of load balancing for multi-
RA transmission in terms of throughput by means of optimization analysis
and simulations; and

5. evaluate the performance of a combination of these solutions in terms of
throughput, energy and spectral efficiency

1.4 Research scope and limitations

The scope of this thesis (see Figure 1.3) is overall framed by two categories of aspects
of the studied approaches: (i) implementation aspects, and (ii) application aspects.
The aspects of implementation refer to how the studied approaches are realized, i.e.,
they refer to the nature and the characteristics of the solutions and the algorithms
used to implement the approaches (cf. Section 1.2). A solution may be generally
defined by means of its computation distribution, its optimization criteria and the
operation time scale of the algorithm implementing it (see Figure 1.3(a)).
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• Distribution of solution: With regards to the distribution, a solution can be
either centralized or distributed. A centralized solution implies the existence
of a central entity which executes the algorithm based on global network
knowledge. In a distributed solution, multiple copies of an algorithm are
executed by multiple cooperative entities each having only local knowledge of
the network. A distributed solution implies information exchange among the
cooperating entities.

• Time scale of operation: With regards to the time scales, an operation can run
in short time-scales or long time-scales. A short time-scale operation requires
algorithms that execute within few milliseconds to few seconds, and, hence,
are able to cope with channel variations equivalent to fast fading; whilst a long
time-scale operation requires algorithms that execute from seconds to minutes
to hours and, hence, are able to cope with channel variations equivalent to
slow fading and changes in traffic load throughout the hours of a day;

• Performance objectives: With regards to the performance objectives a solution
can primarily be capacity-efficient or energy-efficient or both. A capacity-
efficient algorithm converges to a solution which maximizes capacity, net-
work throughput, user throughput and/or cell-edge user throughput; whilst an
energy-efficient algorithm targets a solution that maximizes energy-efficiency
and/or minimizes energy-consumption.

The application aspects refer to how much the gains of the studied approaches
are and where these gains are to be sought. They are mainly associated with the
network deployment, the user distribution and the spectrum availability in terms of
independent radio accesses (see Figure 1.3(b)).

• Spectrum availability: The utilization of the spectrum may be done by means
of a single RATs or multiple RATs, a single frequency band or multiple fre-
quency bands, a single CC or multiple CCs, where a RAT, a frequency band,
and a CC are different embodiments of independent radio accesses. An in-
dependent RA here refers to the radio resources associated with a frequency
carrier (or channel) that can be allocated to users for their data transmissions
while the term independent implies that the transmission conditions of these
radio resources are uncorrelated.

• Network deployment: With regards to the network deployment, networks may
be classified as homogeneous or heterogeneous. Homogeneous networks im-
ply networks consisting of nodes with similar transmit power profile, such
as networks consisting of a single tier of macro base stations; whilst hetero-
geneous networks (HetNets) are broadly defined as networks consisting of a
multiplicity of radio access nodes that have different transmit power.

• User distribution: With regards to the user distribution, users can be dis-
tributed either uniformly or non-uniformly in a clustered way. In the former
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Figure 1.4: Example illustration of heterogeneous multi-RA network.

users are uniformly dropped within the coverage area of the entire network
or the coverage area of an access node; whilst in the latter users are dropped
uniformly within a cluster, with clusters being uniformly dropped within the
coverage area of an access node or the coverage area of the entire network5

In this thesis the term heterogeneous networks (HetNets) is broadened to de-
note networks consisting of a multiplicity of radio access nodes with overlapping
coverage (cf. Figure 1.4) and different operation characteristics in terms of: (i) fre-
quency/spectrum, e.g., multiple RATs/bands/CCs; and/or (ii) power e.g., multiple
tiers of access nodes with different transmit power levels, such as, macro-tier and
pico-tier. Multi-RAT networks are inherently heterogeneous because they consist
of a multiplicity of RATs each operating on a different frequency spectrum e.g.,
GSM, UMTS, LTE, and 802.11a/b/g/n. In addition RATs may differ from one

5Typically, the coverage area of an access node is referred to as the cell area, and the coverage
area of the entire radio network is known as the service area.



1.5. THESIS OUTLINE AND DENOTATION REMARKS 19

another in the transmit power of their nodes, as it is the case, for example, be-
tween 802.11 WLAN’s low power access points and cellular UMTS’s high power
base stations. Although a multi-RAT network is inherently heterogeneous, not all
heterogeneous networks are multi-RAT networks. In the case of single-RAT, hetero-
geneity is solely defined by nodes of different power transmit profiles that implement
cells of different sizes, e.g. macro-cells, micro-cells, and pico-cells. In addition, the
spectrum of a single-RAT can be further divided in multiple CCs. In this thesis
the term multi-RA refers to the transparent integration and utilization of multiple
independent radio accesses by means of radio resource management (RRM) where
the term multi-RA will be used to unify the different realizations of the multiple
RAs. Figure 1.4 illustrates user service in multi-RAT heterogeneous network. With
regards to the user distribution, non-uniform distribution of users in a HetNet sce-
nario implies that user clusters coincides with the coverage area of the low power
cells. In the case of the homogeneous networks users are dropped in clusters at
random positions within the network area, the coverage area of an access node or
close to the boundaries of the an access node’s coverage area also known as cell-edge.

This thesis is limited both in terms of its technical and research scope. Although
the principles behind the ideas of certain approaches may also apply to user trans-
missions in the UL, the technical scope of the solutions in the conducted studies is
limited to only DL transmissions. Coping with UL would, for certain topics, require
a different set of solutions and algorithms. Besides the technical limitations, the
research studies performed to evaluate the solutions for the capacity and energy
improvement techniques have been conducted at different time periods by different
projects focusing at certain research topics. As a result, the system model and simu-
lation assumption details across the simulation studies of the research topics are not
in full alignment with each other and, consequently, the obtained simulation results
are not directly comparable in absolute values. Also the detailed solutions included
in each research topic have not been fully reproduced in the final study where all
techniques are combined and compared. Nevertheless, all simulation models con-
form to the general setting of HetNet, cellular and multi-RAT network deployment
scenarios which allows for an adequate comparison of the techniques based on jus-
tifiable approximations. Conclusions can be drawn with confidence based on the
relative tendencies, rather than the exact values of the simulation studies. Finally,
in our simulation scenarios HetNet of different densities are simply defined in terms
of different numbers of low-power access (pico) nodes per area unit.

1.5 Thesis outline and denotation remarks

The thesis is a compilation of 12 peer-reviewed papers, published in journals and
conferences, and consists of two parts: (i) Part I: Thesis extended summary, and
(ii) Part II: Paper reprints. The first part is an extended summary of the results
of the research studies related to four topics: (1) multi-radio transmission diversity,
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(2) interference coordination, (3) powering on/off of access nodes, and (4) load
balancing for spectrum access and multi-radio access allocation and utilisation. The
topic descriptions highlight the most relevant research results of the studies and
draw conclusions based on these results.

More specifically, the contributions within the first research topic are described
in Chapter 2 and corresponds to Papers 1 to 4. The contributions to the second
research topic are presented in Papers 5 to 7 and summarized in Chapter 3. Chapter
4 provides a summary of the simulation studies of the third research topic comprising
Papers 8 to 10. Papers 11 and 12 comprise the contributions from the research
studies to the forth research topic. Paper 11 describes a solution for spectrum
access allocation based on load balancing, and Paper 12 describes a framework
for multi-radio resource allocation and utilisation wherein basic solutions from all
four research topics are combined and evaluated. The framework is summarised in
Chapter 5. In part I, the models and assumptions of the research studies are not
described in all their details. A detailed description of the research studies, that
would allow the reproduction of the experiments, is to be found in the camera ready
paper reprints which are appended in Part II.

As mentioned, the series of studies summarised in Part I have been performed at
different times in different research projects and partly build on different assump-
tions and scenarios. Depending on the context and the assumptions of the research
projects different denotations have been used to refer to the same entities in radio
communication systems. To eliminate denotational discrepancies, in the reminder
of this section, some of the basic terms are explained towards a basic nomenclature
that all research studies adhere to. Generally, a cellular network is a wireless net-
work that provides radio service within a geographical area which corresponds to
its coverage area. The radio coverage area is divided into a number of cells, which
may be simulated to exhibit a regular shape e.g., hexagonal, circular etc. Each
cell is realised by a physical node which is equipped with a radio transceiver. The
transceiver utilises a set of frequencies to provide radio access to the users of the
radio service. This radio access node or access node comprises the cell site and is
denoted differently depending on a network’s RAT. For instance, in GSM, UMTS,
LTE and 802.11, this access node is referred to as (radio) base station, NodeB,
evolvedNodeB (eNodeB) and access point respectively. In this research work, the
term access node (AN), base station (BS), NodeB (NB) and eNodeB (eNB) refer to
the same physical entity and are used interchangeably in the series of papers in Part
II. Furthermore, the access nodes implementing the cells may differ with regards to
their transmission power profile. In this study two tiers of access nodes, or equiv-
alently cell-sites, are considered: the macro-tier and the pico-tier. The macro-tier
consists of macro sites, which are high-power profile nodes that implement macro-
cells and cover large outdoor areas; and the pico-tier consists of pico-sites, which are
low-power profile nodes that implement pico-cells (also denoted as small cells) and
cover small indoor/outdoor areas. In this research work the terms pico node, pico
cell and small cell are synonymous, and so are the terms macro node and macro cell.
Also depending on the RAT, access nodes allocate radio access resources to the users
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within their cell coverage, typically, by utilising different spectrum of frequencies for
their RA implementations. For instance, an RA may be implemented as a frequency
band, e.g., UMTS, or a component carrier, e.g., LTE-A. Unless stated otherwise,
the term RA refers to a set of radio resources associated with a carrier or a channel
which is a piece of continuous spectrum of frequencies of a certain bandwidth, mea-
sured in Hz, provided to users for transmissions. Users access the channel based on
a multiplexing scheme, such as, time division multiple access (TDMA) and orthogo-
nal frequency-division multiple access (OFDMA). Users, which are the radio service
consumers, utilise the radio access by means of user terminals which are hand-held
devices equipped with transceivers. A user device is referred to as a mobile node
(MN), due to user mobility, and in the 3GPP parlance as user equipment (UE).
Mobile nodes correspond to mobile UEs, henceforth, the acronyms MN, UE and
user will be used interchangeably in this research work.

1.6 Work summary and contributions

The contributions of the author of this thesis, as divided in the four major research
topics, are as follows:

1. Research topic I : Definition and performance evaluation of multi-radio trans-
mission diversity

• definition and development of MRTD that simultaneously, in sequence or
in parallel, utilizes multiple independent collocated and non-collocated
RAs

• simulation analysis for the evaluation of MRTD performance with regards
to transmissions and retransmissions

• analytical model for the computation of MRTD performance

2. Research topic II : Development and performance evaluation of inter-cell in-
terference coordination methods

• novel extension of ICIC by means of a enhanced partial frequency reuse
(PFR) scheme, referred to as adaptive PFR (APFR) that adapts to the
non-uniform user distribution scenario

• novel extension of ICIC based on a scheme that performs power suppres-
sion based on path-loss statistics

• simulation analysis for the evaluation of ICIC

3. Research topic III : Development and performance evaluation of power on/off
methods

• novel extension of a centralized network scheduler that switches off indi-
vidual access nodes depending on the actual user distribution to jointly
optimize capacity and energy reduction gains
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• simulation analysis for the energy and capacity effects of access node
density

• extension of the centralized power on/off scheduler to a distributed so-
lution

4. Research topic IV : Development and performance evaluation of spectrum ac-
cess and, multi-radio allocation and utilization framework

• novel solution for load distribution and flexible allocation of users to RAs
based on load balancing

• simulation analysis of the load balancing approach for spectrum access

• simulation analysis of the multi-radio allocation and utilization by means
of a solution that combines MRTD, ICIC and load balancing including
powering on/off of cells

The remainder of this section highlights the main contributions of this thesis
and provides a work summary on a per research topic basis.

Multi-radio transmission diversity

Aim and research method: The aim of the studies of this research topic is
to, first, develop solutions that implement MRTD and, second, evaluate these solu-
tions in terms of spectral efficiency, user throughput and energy consumption. The
performance evaluation studies on the MRTD have been performed by means of
simulations for different network scenario settings where the number of available
radio accesses, their radio access node locations, the network load and topology
vary. Complementary to simulation studies, an analytical model has been devel-
oped to both validate and extend the simulation results. In addition the model
includes energy consumption for the signalling overhead between the mobile node
and the access node. The simulations assume a generic radio access network model,
and should be understood as an upper bound of the achievable gains a practical
system may obtain. To this end, the simulation results are valuable in filtering out
settings with irrelevant trade-offs.

Papers The following papers are included.

[1] G.P. Koudouridis, H.R. Karimi, K. Dimou, “Switched multi-radio transmis-
sion diversity in future access networks”, In Proceedings of IEEE Semi-annual
Vehicular Technology Conference, VTC-2005-Fall, vol.1, pp. 235- 239, 25-28
Sept. 2005.

[2] H.R. Karimi, K. Dimou, G.P. Koudouridis, P. Karlsson, “Switched Multi-
Radio Transmission Diversity for Non-Collocated Radio Accesses”, In Pro-
ceedings of 2006 Spring IEEE Semi-annual Vehicular Technology Conference
(VTC), VTC 2006 Spring, vol. 1, pp.167-171, 7-10 May 2006.
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[3] G.P. Koudouridis, P. Karlsson, “On the Performance of Multi-Radio ARQ
and Packet Scheduling in Ambient Networks”, In Proceedings of 2007 Fall
IEEE Semi-annual Vehicular Technology Conference (VTC), VTC 2007 Fall,
pp.1456-1460, 30 Sept. - 3 Oct. 2007.

[4] G.P. Koudouridis, H. Lundqvist, H.R. Karimi, G. Karlsson, “A quantitative
analysis of the throughput gains and the energy efficiency of multi-radio trans-
mission diversity in dense access networks”, In Telecommunication Systems,
Volume 59, Issue 1, pp. 145-168, May 2015.

Work summary In [1] the exploitation of the multi-radio transmission diver-
sity in a micro-cellular and pico-cellular environment is performed by means of a
multi-radio packet scheduling algorithm. The packet scheduling is performed in two
steps: (i) a user scheduling step, followed by a (ii) radio access allocation step that
implements a multi-radio transmit diversity scheme called switched MRTD. For
the scheduling, different schemes are proposed and their performance is evaluated
via simulations of a network scenario where RAs are provided by collocated access
nodes. The study performed in [2] focuses on the switched MRTD employed across
macro-cellular and pico-cellular radio accesses with non-collocated base stations.
The evaluation is performed on the spectral efficiency gains when packets of data
are jointly scheduled for downlink transmission over multiple independent RAs.
Simulation results show that while significant gains can be achieved via MRTD
among collocated macro-cell (or pico-cell) access nodes, tight cooperation across
non-collocated macro-cell and pico-cell access nodes is only beneficial for a small
subset of possible geometries. It has also been shown that the impact of channel
quality indicator (CQI) reporting delays can be significant. To alleviate degrada-
tions in spectral efficiency caused by reporting delays, an automatic repeat request
(ARQ) scheme utilizing multiple RAs (MR-ARQ) in conjunction with MRTD has
been devised and evaluated in [3]. Apart from the improvements in spectral effi-
ciency, the addition of MR-ARQ also improves packet transmission delay and packet
loss, when compared to a reference scenario where the radio accesses operate inde-
pendently. Finally, [4] provides an analytical model that computes network through-
put, spectral efficiency and energy-consumption of the different MRTD schemes. It
also extends previous studies to include the energy cost of the reporting overhead
required by each MRTD scheme.

Contributions by author The author of this thesis authored all papers where
he is the first author with the review feedback of the co-authors, developed a simu-
lator to evaluate the performance of MRTD, performed simulation experiments and
provided an analysis of the simulations results [1, 3]]. As a co-author in [2], the
author of this thesis contributed to all sections of the paper, the definition of the
simulation study, and performed independent simulation experiments for the evalu-
ation analysis and the validation of simulation results. The simulation experiments
in [1, 2, 3] are based on a physical layer model implementation provided by H. R.
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Karimi who also is the leading author of [2]. The concept of MRTD has been jointly
and to equal extent conceived, and originally defined by the author of this thesis and
H.R. Karimi, and submitted to the Ambient Networks project [64] as a joint effort.
The mathematical analysis of the throughput gains and energy consumption in [4]
has been developed by the author of this thesis who also developed the simulator
to validate the theoretical results. The quantitative analysis has been extended in
cooperation with H. Lundqvist to include the energy cost of the signalling overhead
of the MRTD schemes. The research work has been performed with review feedback
provided by K. Dimou and P. Karlsson and conducted under the supervision of G.
Karlsson.

Inter-cell interference coordination

Aim and research method: The aim of the contributions of this research topic is
to develop and evaluate resource allocation solutions based on inter-cell interference
for uniform and non-uniform user distribution scenarios. Performance evaluations
are mainly based on network and cell-edge user throughput for different frequency
reuse schemes. The studies are performed by means of simulations and, where neces-
sary, the resource allocation solutions are justified by means of theoretical analysis.
The simulations assume rather a generic macro-cellular radio access network model,
and should be understood as an upper bound of the achievable gains that a practical
system may obtain.

Papers The following papers are included.

[5] G.P. Koudouridis, C. Qvarfordt, “Exploration of Capacity Gains by Inter-
Cell Interference Coordination based on User Distribution”, In Proceedings of
IEEE International Conference on Communications Workshops, ICC, Work-
shop on Smart Communication Protocols and Algorithms, SCPA 2013, pp.1078-
1083, 9-13 June 2013.

[6] G.P. Koudouridis, C. Qvarfordt, T. Cai, J. Johansson, “Partial Frequency
Allocation in Downlink OFDMA based on Evolutionary Algorithms”, In Pro-
ceedings of IEEE Semi-annual Vehicular Technology Conference, VTC 2010-
Fall, pp.1-5, 6-9 Sept. 2010.

[7] G.P. Koudouridis, C. Qvarfordt, “Path-loss Based Power Suppression for
Spectral and Energy Efficient Inter-cell Interference Coordination”, In Recent
Advances in Communications and Networking Technology, vol. 3, no. 1, pp.
44-54, 2014 .

Work summary This research work addresses the inter-cell interference problem
which is a key challenge for cellular networks that are based on OFDMA. In [5] it is
shown the possible gains that can be obtained by employing ICIC in the downlink.
A simplified simulation capacity analysis study is performed investigating on the
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correlation between network capacity and the distributions of power limited fre-
quency bands among the cells. The power limited frequency, or cell-edge, bands of
a cell aims at protecting the cell-edge users of the neighbouring cells. Higher power
levels in the power limited frequency bands adversely affects the capacity of the
cell-edge users. The power levels in the power limited frequency bands in conjunc-
tion with size of the ICIC area, which constitutes the capacity limits defining the
cell-edge users, are the two key configuration parameters that have been studied
in [5]. Simulation results show that the largest throughput gains from reducing the
power in specific bands is obtained at the border between two neighbouring cells.
Overall, static ICIC schemes are more effective in scenarios where the user distri-
bution spatially across the network is uniform. In non-uniform user distributions,
cell-edge user throughput improvements can be sought when the radio resource al-
location is adjusted to the user distribution in the cell-edge. Such an adjustment
can be performed by optimizing the cell-edge spectrum divisions among cells and
the power suppression levels of these spectrum divisions at the neighbouring cells.
To this end, two different radio resource solutions have been proposed: one devel-
oped in [6] that optimizes the size of the cell-edge spectrum divisions, and another
in [7] that optimizes the power suppression levels. More specifically, [6] targets the
optimization of the frequency allocation in the DL by means of centralized adap-
tive frequency management. The adaptive frequency allocation is performed off-line
based on a genetic algorithm which computes for each cell an optimal number of
radio resource blocks as guided by the geometry and the interference induced from
adjacent cells. The objective of the optimization algorithm is to reduce interference
and improve cell-edge user throughput while preserving overall system throughput
performance. For certain scenarios simulation results demonstrate significant gains
(up to 20%) for the cell-edge user throughput as compared to the partial frequency
3-reuse reference scheme. In [7] it is defined a method that uses path-loss statistical
measures to describe the non-uniform distribution between adjacent cells. Based
on this method, a new distributed algorithm is devised to derive the power levels
a cell may transmit at when using a neighbouring cell’s cell-edge band. The algo-
rithm is evaluated by means of simulations and compared against a 7-reuse and a
1-reuse schemes based on a non-uniform user distribution scenario, where users are
distributed in clusters. Simulation results show that the power suppression levels
derived by the algorithm greatly improve spectral efficiency and energy efficiency as
compared to the 7-reuse and the 1-reuse schemes respectively. It is also shown that
non-uniform user distribution can be exploited to improve the user throughput of
cell-edge users without any losses in the average user throughput of the cell-centre
users.

Contributions by author The author of this thesis authored all papers with the
review feedback of the co-authors, performed simulation experiments, and analysed
and presented the simulation results. The simulation experiments and analysis
in [5], KQ2014 have been performed by the author of this thesis in cooperation with



26 CHAPTER 1. INTRODUCTION

C. Qvarfordt who developed the simulator environment used in this research work.
The algorithm proposed in [6] has been developed by the author of this thesis, while
the algorithm in [7] has been developed by the author of this thesis in cooperation
with C. Qvarfordt. In addition, the author of this thesis provided the theoretical
analysis that validates the simulation results in [7]. The research study in [6] has
been performed with review feedback provided by T. Cai and conducted under the
management of J. Johansson.

Power on-off of access nodes

Aim and research method: The scope of the contributions of this research topic
is to develop and evaluate power on/off schemes that improve network performance
in terms of user throughput, cell-edge user throughput and energy consumption
rates based on different pico-cell densities and user distribution scenarios. The aim
is to conclude on some fundamental questions such as which cells are better switched
off, how much it can be gained in energy reduction by switching off cells and what
solutions and algorithms can be used. The evaluation of the proposed algorithms
is performed by means of simulations. The simulations assume rather a generic
heterogeneous radio access network model, and should be understood as an upper
bound of the achievable gains that a practical system may obtain. [10],

Papers The following papers are included.

[8] G.P. Koudouridis, H. Gao, P. Legg, “A Centralized Approach to Power On-
Off Optimization for Heterogeneous Networks”, In Proceedings of IEEE Ve-
hicular Technology Conference, VTC 2012 Fall, pp.1-5, 3-6 Sept. 2012.

[9] G.P. Koudouridis, G. Hedby, “On the Application of Self-Growing Networks
for Capacity and Energy-Saving Improvements”, In Proceedings of IEEE 17th
International Workshop on Computer Aided Modelling and Design of Commu-
nication Links and Networks, CAMAD 2012, pp.251-255, 17-19 Sept. 2012.

[10] G.P. Koudouridis, H. Li, “Distributed Power On-Off Optimization for Het-
erogeneous Networks - A comparison of autonomous and cooperative opti-
mization”, In Proceedings of IEEE 17th International Workshop on Computer
Aided Modelling and Design of Communication Links and Networks, CAMAD
2012, pp.312-317, 17-19 Sept. 2012.

Work summary In [8] an algorithm that optimizes a network’s power on/off
configuration, i.e., which cells should be powered off and which cells should be pow-
ered on, has been developed based on the distribution of the users. The algorithm,
which is performed centrally, is based on the simulated annealing search approach.
The obtained network configuration solutions are compared against a baseline con-
figuration scenario where users are connected to cells based on the received signal
strength, and cells without user connections are powered off. The optimization
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search is guided by an objective function which is defined on cell-edge (or outage)
throughput and energy efficiency. Simulation results show that for certain user dis-
tribution scenarios significant energy reductions gains can be achieved by switching
off macro cells and with no loss of the cell-edge user throughput. In some scenarios
the algorithm generates solutions which also increase network throughput. In [9] the
research study has been extended, within the context of self-organized networks, to
include simulations that evaluate the achievable capacity and energy-reduction per-
formances of the simulated-annealing search algorithm in heterogeneous networks
of different pico-cell densities. This centralized solution has been further extended
in [10] into a solution where the network is divided into clusters of cells, and the
algorithm is executed by the clusters in a distributed manner. Four different vari-
ations of autonomous and cooperative optimization are devised and the obtained
network configuration solutions are compared against a common baseline configu-
ration scenario. The optimization search is guided by an objective function which
is defined on cell-edge user throughput and energy efficiency of the clusters. Simu-
lation results show that the distributed cooperative algorithms perform better than
the baseline in most scenarios both in terms of cell-edge user throughput and en-
ergy efficiency. Furthermore, coordination among clusters has a strong impact on
the speed and the performance of the obtained solutions.

Contributions by author The author of this thesis authored all papers with the
review feedback of the co-authors, developed the proposed algorithms in a simula-
tor, performed simulation experiments, and analysed the simulation results. The
simulation experiments in [8, 9, 10] have been performed in cooperation with H.
Gao, G. Hedby and H. Li respectively. The simulation analysis in [8] and [9] have
been performed by the author of this thesis in cooperation with P. Legg and G.
Hedby respectively.

Multi-radio resource allocation and utilization

Aim and research method: The scope of the contributions of this research
topic is to study the performance of a multi-radio allocation and selection scheme
that combines MRTD, ICIC, and load balancing including power on/off. The aim
is twofold. First, it aims at developing algorithms that associate mobile nodes with
the RAs offered by a network’s access nodes, while keeping RAs without associ-
ations powered off. The derived association is the solution to a load balancing
optimisation problem. The evaluation of the proposed algorithms is performed by
means of mathematical analysis and simulations. Second, one of the algorithms is
extended to allow, in a first step, the association of users with multiple RAs, which
comprises a solution to the multi-radio allocation problem. In a second step, which
solves the multi-radio utilisation problem, it is determined which of the derived RA
associations should be used at any time for a user’s transmissions. To solve the sec-
ond problem, different MRTD schemes are used while taking into account different
frequency reuse schemes. The suggested two-step approach, which defines a frame-
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work for the allocation and utilisation or radio resources in multi-RA networks, is
evaluated by means of simulations for different network density scenarios.

Papers The following papers are included.

[11] P. Soldati, G.P. Koudouridis, “Distributed Spectrum Access in Dense 5G
Networks”, In Proceedings of IEEE 26th Annual International Symposium
on on Personal, Indoor and Mobile Radio Communications, PIMRC 2015,
pp.1901-1906, Aug. 30 2015-Sept. 2 2015.

[12] G.P. Koudouridis, P. Soldati, “Multiple Connectivity and Spectrum Access
Utilisation in Heterogeneous Small Cell Networks”, In International Journal of
Wireless Information Networks, Volume 23, Number 1, pp 1-18, March 2016.

Work summary One of the objectives associated with the capacity improve-
ments in future radio access networks is to provide users with flexible access to a
wide range of frequency bands and to multiple RATs. To this end, in [11] it is consid-
ered the problem of jointly associating a user with access nodes and spectrum bands
(or, equivalently, RAs) in the context of dense networks. The problem is posed as
a network utility maximization and two distributed algorithms to jointly determine
the association of access nodes and RAs (as spectrum segments or frequency bands
of RATs) with users are devised: (i) an algorithm based on a theoretical framework
that build on Lagrange duality, and (ii) a distributed heuristic association scheme
based on the best long-term user data rate, hence on a measure of traffic load of
each RA. The two algorithms are validated with numerical simulations which show
that significant gains can be achieved on top of the throughput gains that are at-
tributed to the network densification. In [12] we apply the duality-based algorithm,
as long time scale optimization of multi-radio access allocation, to perform a series
of simulations where various MRTD schemes (operating at short time scales) and
frequency reuse schemes are evaluated as a function of node density and user dis-
tribution. The combined schemes, which operate both in long time-scales and short
time-scales, are applied on heterogeneous dense networks of different multi-RA ac-
cess nodes densities and user distributions. The results from the simulation studies
show significant gains both in user throughput and energy efficiency.

Contributions by author The research work in [11] has been jointly and to equal
extent performed by the author of this thesis and P. Soldati who was acting as the
leading author of the paper. In particular, the author of this thesis contributed to
the authoring of the paper, the development of the algorithms, the execution of the
simulation experiments and the analysis of the simulation results. With regards
to [12], the author of this thesis has authored the paper in cooperation with the co-
authors, developed the proposed schemes in a simulator, performed the simulation
experiments, and analysed the simulation results.
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1.7 Complementary bibliography

In this section we present a list and a brief description of papers and contributions
made by the author of this thesis, which, although not included in this thesis, they
are related to the research topics above.

MRTD feasibility studies

[13] J. Sachs, L. Munoz, R. Agüero, J. Choque, G.P. Koudouridis, R. Karimi, L.
Jorguseski, J. Gebert, F. Meago, and F. Berggren, “Future Wireless Commu-
nication based on Multi-Radio Access”, In Proceedings of 11th Wireless World
Research Forum, WWRF11 2004, 10-11 June 2004.

[14] K. Dimou, R. Agüero, M. Bortnik, R. Karimi, G.P. Koudouridis, S. Kamin-
ski, H. Lederer, J. Sachs, “Generic link layer: a solution for multi-radio trans-
mission diversity in communication networks beyond 3G”, In Proceedings of
2005 Fall IEEE 62nd Semi-annual Vehicular Technology Conference, VTC
2005 Fall, vol. 3, pp. 1672- 1676, 25-28 Sept. 2005.

[15] G.P. Koudouridis, P. Karlsson, J. Lundsjö, A. Bria, M. Berg, L. Jorguseski,
F. Meago, R. Agüero, J. Sachs, R. Karimi, “Multi-Radio Access in Ambient
Networks”, In Proceedings of EVEREST-Workshop 2005, 16 Nov. 2005.

[16] G.P. Koudouridis, R. Agüero, E. Alexandri, J. Choque, K. Dimou, H.R.
Karimi, H. Lederer, J. Sachs, R. Sigle, “Generic Link Layer Functionality
for Multi-Radio Access Networks”, In Proceedings of 14th IST Mobile and
Wireless Communications Summit, IMS 2005, pp.1-5, 19-23 June 2005.

[17] H.R. Karimi, G.P. Koudouridis, K. Dimou, “On the Spectral Efficiency
Gains of Switched Multi-Radio Transmission Diversity”, In Proceedings of
2005 International Symposium on Wireless Personal Multimedia Communi-
cations, WPMC2005, pp.VII-1177-VII-1181, 18-22 September 2005.

[18] G.P. Koudouridis, R. Agüero, E. Alexandri, M. Berg, A. Bria, J. Gebert, L.
Jorguseski, H.R. Karimi, I. Karla, P. Karlsson, J. Lundsjö, P. Magnusson, F.
Meago, M. Prytz, J. Sachs, “Feasibility Studies and Architecture for Multi-
Radio Access in Ambient Networks”, In Proceedings of 15th Wireless World
Research Forum, WWRF15 2005, 8-9 Dec. 2005.

[19] J. Sachs, R. Agüero, M. Berg, J. Gebert, L. Jorguseski, I. Karla, P. Karls-
son, G.P. Koudouridis, J. Lundsjö, M. Prytz, O. Strandberg, “Migration
of Existing Access Networks Towards Multi-Radio Access”, In Proceedings
of 2006 Fall IEEE 64th Semi-annual Vehicular Technology Conference, VTC
2006 Fall, pp.1-5, 25-28 September 2006.

[20] G.P. Koudouridis, O. Queseth, “Research Challenges on Multi-radio Access
Selection in Dynamically Composed Networks”, In Proceedings of 4th Swedish
National Computer Networking Workshop, SNCNW 2006, 26-27 Oct. 2006.
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[21] G.P. Koudouridis, R. Agüero, K. Daoud, J. Gebert, M. Prytz, T. Rinta-aho,
J. Sachs, H. Tang, “Access Flow based Multi-Radio Access Connectivity”, In
Proceedings of IEEE 18th International Symposium on Personal, Indoor and
Mobile Radio Communications, PIMRC 2007, pp.1-5, 3-7 September 2007.

[22] J. Sachs, R. Agüero, K. Daoud, J. Gebert, G.P. Koudouridis, F. Meago, M.
Prytz, T. Rinta-aho, H. Tang, “Generic Abstraction of Access Performance
and Resources for Multi-Radio Access Management”, In Proceedings of IST
16th Mobile and Wireless Communications Summit, IMS 2007, pp.1-5, 1-5
July 2007.

[23] A. Yaver, G.P. Koudouridis, “Performance Evaluation of Multi-Radio Trans-
mission Diversity: QoS Support for Delay Sensitive Services”, In Proceed-
ings of 2009 Spring IEEE 69th Semi-annual Vehicular Technology Conference,
VTC 2009 Spring, pp.1-5, 26-29 April 2009.

[24] A. Yaver, G.P. Koudouridis, “Utilization of Multi-Radio Access Networks
for Video Streaming Services”, In Proceedings of 2009 IEEE Wireless Com-
munications and Networking Conference, WCNC 2009, pp.1-6, 5-8 April 2009.

[25] G.P. Koudouridis, A. Yaver, M.U. Khattak, “Performance Evaluation of
Multi-Radio Transmission Diversity for TCP Flows”, In Proceedings of 2009
Spring IEEE 69th Semi-annual Vehicular Technology Conference, VTC 2009
Spring, pp.1-5, 26-29 April 2009.

Finally, selective parts of the material have been included in the Ambient Networks
book [26] as chapter 8 about multi-radio access and paper [22] has been selected for
publication in [27] as chapter 13:

[26] N. Niebert, A. Schieder, J. Zander and R. Hancock, Ambient Networks: Co-
operative Mobile Networking for the Wireless World, John Wiley & Sons, Ltd,
2007, ISBN: 978-0-470-51092-6

[27] J. Sachs, R. Agüero, K. Daoud, J. Gebert, G. Koudouridis, F. Meago, M.
Prytz, T. Rinta-aho and H. Tang, “Generic Abstraction of Access Performance
and Resources for Multi-Radio Access Management”, In Advances in Mobile
and Wireless Communications, Views of the 16th IST Mobile and Wireless
Communication Summit, F. István, J. Bito and P. Bakki (Eds.), Lecture Notes
in Electrical Engineering, Volume 16, Part IV, 239-259, 2008.

The MRTD research work aimed in general at developing and specifying multi-radio
access (MRA) selection mechanisms. A set of feasibility studies has been performed
contributing to the implementation and the evaluation of radio resource utilization
in multi-radio network environments. The resulted papers, listed above in chrono-
logical order, can be divided in three different categories: (i) multi-radio access
management and performance, (ii) design of a multi-radio access architecture and
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Generally, the definition of HetNet encompasses many different kind of low-powered
nodes in terms of functionality, implementation and distribution. Apart from the
pico- femto- and micro cells, low-powered nodes include relays and remote radio
heads (RRHs) as in distributed antenna systems (DAS). In this context various
cooperative relaying [31, 32] and antenna selection schemes [33] has been simulated
and evaluated in terms of energy efficiency and network throughput. In [34, 35] net-
work coding is exploited by a cooperative scheme to enhance the throughput and
energy efficiency for mobile nodes. The mobile nodes are clustered into cooperation
groups, the heads of which coordinate the cooperative signals transmitted among
the mobile nodes within the clusters. Finally, [36, 37, 38, 39] discuss enablers and
solutions for energy-aware cooperative control in wireless networks in the context of
SON. Finally, the effect of the densification of low-powered pico nodes, constituting
an ultra-dense network scenario has been evaluated in [40] for different distribu-
tions of mobile nodes and for different network densities and in terms of network
throughput and energy efficiency.





Chapter 2

Multi-Radio Transmission
Diversity

2.1 Introduction

Basic concepts

The main hypothesis underlying this research work is that the availability of multi-
ple independent RAs that are inherently orthogonal can be used to improve spectral
efficiency. Spectral efficiency and capacity improvements can be achieved by means
of user scheduling across multiple RAs where users are allocated to RAs with the
best channel conditions. To this end, the concept of multi-radio transmission di-
versity (MRTD) has been developed, which aims at benefiting from this kind of
multi-user multi-access scheduling diversity. MRTD can be broadly defined as the
dynamic selection of multiple radio accesses for the transmission of a user’s data and
it can be thought of as consisting of a packet scheduler operating across multiple
radio interfaces. Provided that communicating devices are capable of transmission
and reception over multiple RAs, the diversity exploiting components offered to the
selection process of the scheduler are: re-selection rate, parallelism and redundancy.

• Re-selection rate - The re-selection rate axis refers to the rate at which
access selection is performed. With other words it refers to the length of the
time intervals at which RA may be selected for the transmission of a user’s
data. This may correspond to the transmission time of data units ranging
from a PHY- or MAC-layer PDU, to multiple IP packets, or even a whole data
session1. Thus, depending on the re-selection rate, MRTD can be performed

1The data unit ranges here refer to the different layers of the 3GPP and IEEE 802 protocol
layered architectures which consist of a physical layer (PHY) concerned with the physical data
transmission; a medium access control (MAC) concerned with addressing and error control, and a
layer concerned with logical connections which is referred to as radio link control (RLC) layer in
3GPP and logical link control (LLC) layer in IEEE 802. The data packets that one layer passes to
the next are referred to as protocol data units (PDU).

35
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Figure 2.1: Multi-radio transmission diversity.

at different time scales that characterize the radio channel ranging from a
multiplicity of IP packets (implying an exploitation of diversity at longer time
scales) to one single MAC frame (implying an exploitation of diversity at
shorter time-scales).

• Parallelism - The parallelism axis refers to the possibility of selecting only
one or multiple RAs for the transmission of a single user’s data. Using one
RA at a time corresponds to Switched MRTD while using multiple RAs con-
currently corresponds to Parallel MRTD.

• Redundancy - It is always possible to send multiple copies of the same
data unit over two or more RAs in which case the probability of successful
reception from one of the available RAs increases. This corresponds to a
scheme with redundancy as depicted by the redundancy axis. Alternatively
a set of successive data units can be sent simultaneously over the multiple
RAs, so as to increase the transmission bandwidth. The latter characterizes
a scheme without redundancy.

The above classification may be depicted in a three-dimensional space as shown
in Figure 2.1. In principle implementing MRTD and its various schemes implies
some sort of multi-radio multiplexer or multi-radio packet scheduler (MPRS). The
role of the MRPS is to assign, at any time transmission interval (TTI), one or
multiple RAs to each user for the transmission of its packets. Whether a user
should be assigned one or multiple RAs, it is determined by the diversity scheme
used. Given G radio accesses, and K users, a multi-radio packet scheduler consists
of a user scheduler step and a radio allocation step that exploits MRTD diversity
(cf. Figure 2.2). User scheduling is the process of identifying which subset of Ksc
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Figure 2.2: Multi-radio packet scheduler.

users out of a pool of K users that should be served at any TTI. RA allocation
is then the problem of pairing each scheduled user with a radio access within the
confines of the MRTD scheme.

User scheduling When scheduling is performed, only Ksc ≤ K users are con-
sidered by the allocation scheme. When scheduling is omitted all K users are
considered by the allocation scheme2. User scheduling decisions can be based on
various input parameters like user utility, service QoS, channel-quality, and combi-
nations thereof. Due to the impairments of the radio channels the most significant
parameter and the one widely used by radio access technologies is channel quality.
In terms of radio link characteristics, channel quality includes signal strength, inter-
ference level, SINR and in some cases traffic load. With respect to channel quality,
schedulers can be classified as channel-state independent and channel-state depen-
dent with round-robin scheduling and maximum-rate scheduling as their respective
pronounced representatives. In the round-robin (RR) scheduling (RRS) users are
served in a cyclic order ignoring the channel quality conditions. The advantages of
RR are its simplicity and its fairness to assign equal amount of service time among
the K users, turning it to an inherently fair scheduler in an ergodic scenario. On the
other hand scheduling users with poor channel quality would decrease the system
throughput. An increase of the system throughput is better achieved by choosing
among the K users those with the most favourable radio link conditions and the
highest achievable data rates. Scheduling users with instantaneous excellent SINR
is referred to as maximum-C/I (max C/I) scheduling, while scheduling users with
high data rates is referred to as maximum rate (MR) scheduling (MRS). Max C/I
and MR scheduling are channel state dependent scheduling schemes where users are

2Usually when scheduling is performed Ksc = G, however for some diversity schemes it is
possible that not all scheduled users Ksc are allocated to the G RAs.
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prioritized based on their channel conditions and their achievable data rate respec-
tively. Again, user scheduling may be optional, implying that at any one time all
K users may be considered in the RA allocation step.

Radio access allocation In general the allocation problem can be formulated as
an optimization problem for the maximization of the system throughput. At each
transmission time interval t, G (or less) users are allocated to G radio accesses,
resulting in (user, RA)-pairings {(k1 (t) , g1 (t)) · · · (kG (t) , gG (t))} where ki (t) is
the index of the ith scheduled user and gi (t) its paired RA as determined by the
RA allocation strategy.

Also for the case of radio access allocation different algorithms can be envis-
aged ranging from random allocation to maximum throughput allocation. In ran-
dom allocation (Rand) scheme, the G radio accesses are arbitrarily allocated to
the scheduled users ki (t) , i = 1 . . . KSC , G = KSC . At the other end, maximum
throughput (maxTH) is an allocation scheme which at any time t determines the
set of (user, RA)-pairings for which the system throughput is maximized. The
number of possible combinations to be explored per TTI by applying maxTH is
KSC !/ (KSC − G)! implying a complexity that increases exponentially with number
of RAs. An algorithm where complexity increases linearly with number of RAs is
the Best First (BF) allocation. In BF, at each time t, the complexity is reduced by
performing the allocation in G steps only. At each step, the (user, RA)-pairing that
corresponds to the highest remaining supported throughput at time t is selected.
Both the maxTH and its approximating BF belong to the category of maximum rate
allocation schemes since the objective of both is to increase system throughput.

Multi-radio transmission diversity The output of the RA allocation step
maybe further constrained by the diversity scheme used. The following schemes
apply:

• Switched MRTD (SMRTD) implies that each user, k, may utilize one and
only one of the G radio accesses for data transmission at any TTI. The
number of possible assignments is given by (KSC)G = KSC · (KSC − 1) ·
· · · (KSC − G + 1). The RA a user is allocated can be different from TTI to
TTI.

• Parallel MRTD (PMRTD) implies that a user may utilize a multiplicity of
the G radio accesses at any TTI. Consequently, the number of all pairings is
given by (KSC)G = (KSC)G.

• No MRTD (NMRTD) implies independent RAs where each user entering the
system utilize one and only one single radio access. The number of assignments
is again given by (KSC)G = KSC ·(KSC − 1)·· · · (KSC − G + 1), however once
an assignment is chosen it remains the same throughout all TTIs .
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Multi-radio access monitoring and ARQ The MRPS is supported by two
key components namely the RA Monitoring and Multi-Radio ARQ (MR-ARQ) (cf.
Figure 2.2). The function of the RA monitoring is to translate KPI parameters,
such as CQI, link throughput statistics, from lower layers of each RA protocol
stack, into indicators of achievable link throughput and report the results, to the
multi-radio packet scheduler. MR-ARQ is inherent to MRTD because it allows for
erroneously received packets to be retransmitted via a new RA and as determined
by the multi-radio packet scheduler.

Related work

Multi-radio access has been investigated, among others in [27, 65], for various het-
erogeneous access networks consisting of various RAT combinations. The term
heterogeneous access networks refer to multi-radio networks that can co-operate to
provide in a transparent way services to the users [27]. In many cases this coop-
eration is realised in a form of efficient vertical handover between the constituent
RATs [66]. In [16], this cooperation is extended to support simultaneous utiliza-
tion of co-existing networks at a packet or even at a frame level by means of joint
scheduling and resource allocation mechanisms. Such mechanisms allow the dy-
namic selection among multiple radio interfaces for the transmission of user data.
The idea here is to benefit from the diversity in such a multi-radio environment.
If we could choose the RAT performing the best at any time then we would be
in a better position to meet the QoS demands of a user’s services including delay
sensitive services [23] and TCP-based data flows [25]. In this scenario, the dynamic
switching of a single user’s flow across different RAs is feasible as implemented
by means of MRTD [14, 16]. In practice, MRTD efficiently implements data flow
splitting between two communicating entities over more than one RA [16, 65].

Furthermore, the integration of RATs has been studied in the state-of-art for
many different RAT combinations and integration levels. A looser integration of
RATs that effectively implements network controlled handover is evaluated in [67].
By applying a layer-3 (i.e., network layer) technique able to operate across RATs a
system usage increase of 25% could be shown. These results in capacity and QoS
improvements (e.g. average bit rate) are also confirmed in the more specific scenario
of [68] where WLAN (802.11 a) and UMTS are combined. Capacity gains of 15 to
20% are obtained under high load conditions, while virtually no gain is noticed for
low loads. Similar benefits are demonstrated in [69] where a WLAN network and a
WiMAX network interact with each other via shared multi-radio devices. The case
of tighter integration among RATs is studied in [17] where it is shown that the gain
of MRTD (over independent RAs) in terms of throughput and spectral efficiency
varies between 15 and 60%. These gains also depend on the implementation of
the RA allocation and the user scheduling algorithms. In fact, [70] shows that the
difference between parallel and switched MRTD is negligible when proportional fair
scheduling is used, whilst parallel MRTD is superior when round-robin scheduling
is used. Parallel MRTD and its complexity is further analysed in [71] where a joint
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RA allocation algorithm for an efficient MRA method is studied to maximize system
capacity. In general joint RA allocation problems are shown to be NP-hard, as for
instance in various scenarios of multi-radio wireless mesh networks [72] where it is
proven that the complexity in terms of the number of different possible allocations is
exponential in the number of RAs. To address this complexity, various joint RA al-
location schemes have been proposed based on heuristic optimization methods that
exploit neural networks [73] and genetic algorithms [74]. The concept of MRTD has
been introduced and suggested as one of the key enabling functionalities of Ambi-
ent Networks [64, 75] where a series of studies have been performed to prove its
feasibility [17, 18, 76, 77]. The concept, as conceived within the Ambient Networks
project [13, 16, 78], has been adopted and further analysed among others in [65, 71].

Research objectives

The overall objectives of this research topic are to:

• define and elaborate on MRTD across radio accesses in a macro- and pico-
cellular hierarchical structure with collocated and non-collocated base sta-
tions,

• evaluate performance gains of MRTD, where data packets are jointly scheduled
for downlink transmission over a set of independent RAs,

• quantify the impact of channel quality indicator (CQI) reporting delays and
multi-radio ARQ, and

• develop an analytical model to express MRTD performance in terms of through-
put and energy consumption.

2.2 Switched MRTD for collocated radio accesses

In this research work [1] (cf. Paper 1) Switched MRTD is first studied based on a
RAT generic scenario where the RAs are collocated at the same site. As depicted
in Figure 2.3(a) the system consists of a total of K = 20 uniformly distributed
users that are served on the downlink by a base station, surrounded by a ring of six
interfering base stations situated on a hexagonal grid.

Each base station provides wireless connectivity via G equivalent and uncoupled
RAs. Each RA occupies a unique frequency channel, which is the same across all
cells for each RA i.e., universal frequency reuse (or 1-reuse) is applied across all cells
for each RA. A generic physical layer is used, employing a time division multiplexing
access (TDMA) system with a fixed TTI size of 2 ms, and adaptive modulation and
coding. Given that all RAs operate within the 2 GHz frequency band, they are
subject to the same path-loss and shadowing models and as a result, the path-loss
and shadowing coefficients are assumed to be the same for all RAs. Whilst, the
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(a) Collocated simulation scenario. (b) Non-collocated simulation scenario.

Figure 2.3: MRTD simulated cell scenarios.

fast fading coefficients are uncorrelated among different RAs and constant during
a single TTI. Consequently, any increases to spectral efficiency is attributed to fast
fading component.

As described in Section 2.1, the exploitation of the multi-radio transmission di-
versity is performed by means of packet scheduling algorithms. The packet schedul-
ing is performed in two steps: (i) a user scheduling step, followed by a (ii) radio
access allocation step based on switched multi-radio transmission diversity (cf. Fig-
ure 2.2). In total, four schemes are studied. The first two combine round-robin
scheduling of the users with best-first and maximum throughput RA allocation,
referred to as ‘RR+BF’ and ‘RR+maxTH’ respectively. In the third scheme, no
scheduling is performed and all users are allocated subject to best-first RA allo-
cation. This is simply referred to as ‘BF’. The three proposed schemes assume
switched MRTD and are compared with a benchmark scenario where the users are
evenly and arbitrarily distributed across the available RAs. This distribution is
fixed throughout the simulation. Each RA then operates independently, with users
scheduled based on round-robin, or maximum SINR criteria. These are referred to
as ‘Ind RR’ and ‘Ind maxC/I’ respectively.

Figure 2.4(a) illustrates the impact of the number of RAs, G, on system spectral
efficiency. As expected, spectral efficiency is independent of the number of RAs
when users are independently RR scheduled within each RA; i.e. the total system
throughput increases proportionally with the number of RAs. The same applies
when users are RR scheduled and randomly allocated to the RAs. However, RR
scheduling in conjunction with BF or maxTH allocation can result in improved
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(a) Different number of RAs (b) Different number of users

Figure 2.4: Evaluation of spectral efficiency in a multi-RA scenario.

spectral efficiencies (40% with 4 RAs). This is due to the increasing benefits of
both multi-RA diversity and multi-user diversity with growing numbers of available
RAs. Spectral efficiency actually degrades with an increase in the number of RAs
when users are independently maxC/I scheduled within each RA. The reason for
this is a reduction in the number of users per RA, and hence a drop in multi-
user diversity (e.g. with G = 20, there is only one user per RA). BF allocation
across the pool of RAs improves the diversity, resulting in improvements in spectral
efficiency (20% with 4 RAs). Figure 2.4(b) shows how an increase in multi-user
diversity affects system performance. It also illustrates how the schemes based on
RR scheduling do not benefit from such diversity with increasing numbers of users
for a fixed number of RAs.

In conclusion, spectral efficiency and throughput increases with an increasing
number of RAs already when independent scheduling across RAs is performed. The
results improve with the proposed techniques, such as the one combining round-
robin user scheduling and maximum-throughput radio allocation, which, in one
simulation scenario, exhibits spectral efficiency gains of approximately 60% even
for a small number of RAs3. These gains stem from both multi-radio and multi-
user diversity.

3The combination of round-robin scheduling with maximum throughput allocation is only con-
sidered for up to 6 radio accesses, as its complexity grows exponentially with G.
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Figure 2.5: MRTD sensitivity to delays in the reporting of channel quality informa-
tion (CQI).

2.3 Switched MRTD for non-collocated radio accesses

This work [2] (cf. Paper 2) extends the previous study by employing the switched
MRTD across macro-cellular and pico-cellular radio accesses with non-collocated
base stations. The evaluation is performed on the spectral efficiency gains when
packets of data are jointly scheduled for downlink transmission over multiple inde-
pendent radio accesses. The non-collocated scenario implies that macro- and pico-
cell base stations are placed in different physical locations, i.e., different pico-cell
offsets d0. The differences in transmit power and geometry comprises a hetero-
geneous radio access environment with RAs of different types and characteristics.
Such a heterogeneous environment implies not only differences in multi-path fading
(as is the case with collocated base stations) but also differences in path loss and
shadowing among the RAs.

Initially, we investigate the MRTD sensitivity to delays in the case of collocated
RAs. Figure 2.5 presents system spectral efficiency for different number of RAs and
the impact of CQI reporting delays on the performance of MRTD across G = 8
pico-cellular collocated radio accesses. Degradations in spectral efficiency gains are
already visible for delays greater than 5% (i.e. 5 TTIs) of the channel coherence
time. Note that the channel coherence time here is defined as the inverse of the
Doppler frequency, i.e., mobile speeds of 3 km/h gives Doppler of 5.6 Hz implying
coherence time of roughly 180 ms (90 TTIs of 2 ms). As expected, with delays
approaching 40-45 TTIs (i.e. 50% of coherence bandwidth), the CQI reports are so
out-of-date that there is basically no MRTD gain. Consequently, RR+BF and BF
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(a) Pico-cell offset of 150 metres (b) Pico-cell offset of 450 metres

Figure 2.6: MRTD across macro- and pico-cell RAs for two different values of pico-
cell offset.

approach Ind-RR and Ind-maxC/I respectively. In the absence of RR scheduling
much of the gain due to multi-user diversity remains, since diversity in path loss
and shadowing can still be exploited.

Furthermore, Figure 2.6 shows the performance of the studied schemes for eight
radio accesses where the first four radio accesses are macro-cellular, while the last
four radio accesses are pico-cellular. In addition, two other scenarios are considered
as benchmarks, where all eight radio accesses are either macro- or pico-cellular. A
pico-cell offset of 150 m is considered in Figure 2.6(a). Here, the pico-cell hot-spot
is in close proximity of the high-power macro-cell base station. Consequently, the
macro-cell spectral efficiency (i.e. SINR) is considerably greater than that of the
pico-cell. As a result, an MRTD scenario over 8 macro-cell radio accesses would
be a better option in terms of spectral efficiency than a scenario of 4 macro-cell
and 4 pico-cell radio accesses. In Figure 2.6(b), the pico-cell hot-spot is located at
the edge of the macro-cell. Here, the macro-cell spectral efficiency (i.e. SINR) is
considerably lower than that of the pico-cell. Consequently, MRTD over four macro-
cell and four pico-cell radio accesses would improve spectral efficiency as compared
to a macro-cell only scenario. However, an even better option would be to perform
MRTD over 8 pico-cell radio accesses.

In conclusion, simulation results show that MRTD across non-collocated tightly
cooperating macro-cell and pico-cell base stations is only beneficial for a subset of
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pico-cell locations where the spectral efficiency of the macro-cell and the pico-cell
are comparable. It has also been shown that the impact of CQI reporting delays
can be significant.

2.4 Performance of multi-radio ARQ

In this study [3] (cf. Paper 3) we explore the contributions of RA reporting and
MR-ARQ in the MPRS. The aim is to address the impact of the delays of radio
link quality measurements reported by the radio interface. To alleviate degrada-
tions in spectral efficiency caused by reporting delays, an ARQ scheme utilising
multiple RAs (MR-ARQ) in conjunction with MRTD has been devised and studied
by means of simulations. Such multi-radio ARQ mechanism exploits the diversity
across independent RAs, and results in gains in throughput over those achieved by
RA-specific ARQ. It extends the previous studies in two ways: (i) it includes traffic
models typical to data sessions, and (ii) studies the impact of an ARQ scheme that
utilises multiple RATs. Performance gains in terms of spectral efficiency, packet
transmission delays, and packet loss are evaluated by means of simulations. For
each user, packets are generated randomly and independently following a Poisson
distribution. The rate at which packets arrive per user per TTI is referred to as
the offered traffic. Erroneous decoded packets are discarded and retransmitted by
means of MR-ARQ. Here, a selective repeat ARQ (SR) scheme is used for the MR-
ARQ with maximum of two retransmissions per packet after which the packet is
dropped.

In Figure 2.7 the performance of MRTD is compared to the benchmark scenario
in terms of spectral efficiency for four macro-cellular and four pico-cellular RAs.
The graph shows results for an offset distance, i.e, a distance between macro-cell
and pico-cell, of 150 meter and 450 meter. As in [2], the total spectral efficiency
is reduced for all schemes as the offset distance increases, while the MRTD gain is
more pronounced for higher values of offsets. For G = 8 RAs and K = 24 users the
gains of MRTD with RR scheduling are approximately 13% and 35% for an offset
of 150 m (cf. Figure 2.7(a)) and 450 m (cf. Figure 2.7(b)) respectively. This is
attributed to the cell structure since MRTD also benefits from the differences in
path loss and shadow fading due to different locations of the pico-cell. MRTD thus
delivers a kind of robustness in efficiency for multi RA against offset variations.

Figure 2.8 shows the performance of MRTD in terms of packet loss for different
scheduling and allocation schemes, and offered traffic values. Lost packets have
been dropped after a maximum number of two retransmissions. The percentage
of undelivered packets is the same for all load values that are equal to or higher
than one. Given the fixed amount of retransmissions, the performance in packet
loss is mainly characterized by the geometry and the channel characteristics of the
RAs. As expected, the MRTD schemes that result in higher spectral efficiency give
lower packet loss. In fact, for any value of offered traffic, MRTD schemes perform
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(a) Pico-cell offset of 150 metres (b) Pico-cell offset of 450 metres

Figure 2.7: Spectral efficiency of MRTD as compared to the benchmark scenario
for different pico-cell offsets.

better than their counterparts in the benchmark scenario. Again the gains are
more pronounced for higher values of offset. For offered traffic values of 4, 10 and
20 packets per TTI per user the RR+BF shows an improvement of 65% and 83%
as compared to Ind-RR for the offsets 150 m (cf. Figure 2.8(a)) and 450 m (cf.
Figure 2.8(b)) respectively. MRTD gains are also manifested in terms of packet
transmission delay as shown in Paper 3.

In summary, the offset between macro-cell base station and pico-cell access point
has a significant impact on the MRTD gains in terms of both spectral efficiency and
percentage of successful delivery of packets. In general, MRTD when combined
with MR-ARQ shows considerable gains in spectral efficiency compared to the case
where the radio accesses operate independently.

2.5 A Quantitative analysis of MRTD

In this study [4] (cf. Paper 4) we investigate the benefits of MRTD analytically
by modelling the radio access link throughputs as abstract uniform and Rayleigh
variables. The study assumes a network scenario where radio access infrastructure
is dense and users are covered by multiple radio access technologies. The overall
objectives of this analysis is to evaluate different user schedulers and resource allo-
cations strategies and derive a model that (i) estimates the associated asymptotic
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(a) Pico-cell offset of 150 metres (b) Pico-cell offset of 450 metres

Figure 2.8: Packet loss performance of MRTD as compared to the benchmark sce-
nario for different pico-cell offsets.

gains in system throughput and energy efficiency of the mobile devices, and (ii)
validates the results from the simulation studies.

Figure 2.9 shows the normalized system throughput4 as a function of the number
of RAs, G, for different number of users, K users, and for different combinations of
RA allocation, user scheduling and MRTD schemes. In total, the figure shows the
mean normalized throughput of six different schemes. All schemes exploiting MRTD
use maximum rate RA allocation in conjunction with different combinations of user
scheduling and MRTD schemes. Half of the schemes combine round-robin schedul-
ing with Switched MRTD (‘SMRTD+RRS’), Parallel MRTD (‘PMRTD+RRS’),
and the case of no MRTD or Independent RAs (‘IndRAs+RRS’), while the other half
combine maximum rate scheduling with Switched MRTD (‘SMRTD+MRS’), Par-
allel MRTD (‘PMRTD+MRS’), and Independent RAs (‘IndRAs+MRS’). It should
be noted that Independent RAs imply no RA allocation and an independent user
scheduling process per RA. In Figure 2.9, the link throughput of gth RA of the
kth user is modelled as discretized Rayleigh distributed random variable between

0 and 1 with R
(g)
k ∈ {0, 0.01, 0.02, . . . , 1} and E

[

R
(g)
k

2
]

= 2σ2, σ = 0.24. Both

simulation and numerical results are shown. Numerical results follow the derived
analytical model and simulation results are based on independent stochastic simula-
tions performed under the same assumptions. As it can be seen the analytical model
accurately presents and, thus, validates simulation results. Furthermore, from the
analysis of the results it can be concluded that system throughput reaches its highest
value when parallel MRTD is combined with max-rate scheduling, ‘PMRTD+MRS’,

4In this study, system throughput is normalised and measured as a percentage of the total
system throughput. Similarly, link throughput is also normalised and modelled as a continu-
ous/discrete random variable between 0 and 1, where a value of 1 would correspond to highest
value of an RA’s link throughput.
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Figure 2.9: Normalized system throughput vs. number of RAs.

tightly followed by the combination of max-rate scheduling with switched MRTD,
‘SMRTD+MRS’. For both combinations, as the number of users increases the nor-
malized system throughput approaches its maximum normalized capacity. In gen-
eral maximum rate RA allocation benefits from multi-user diversity, whilst schemes
with round-robin user scheduling when combined with MRTD mainly benefit from
multi-radio access diversity.

With regards to energy efficiency Figure 2.10 shows the normalized energy con-
sumption in J/b versus the number of RAs, G, for different number of users, K, and
for the different schemes as described above. Also here RA link throughputs are
modelled as discretized Rayleigh distributed random variables as described above.
As expected, while the energy consumption of RRS-based is constant for a fixed
number of RAs and independent from the number of users, the MRS-based schemes
benefit in energy consumption with an increasing number of users as the energy cost
reduces. In general, for the MRS-based schemes the number of RAs do not have any
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Figure 2.10: Normalized energy consumption vs. number of RAs.

significant impact except for the case of ‘SMRTD+MRS’ scheme where the energy
cost slightly increases as the ratio of the number of users over the number of RAs
approaches unity.

Finally, Figure 2.11 shows the normalized energy consumption associated with
different levels of MRTD signalling costs for G = 4 RAs, and different number
of users K and allocation combinations. The main drawback of MRTD is the
increased energy consumption of the user devices due to the channel measurements
and reporting for multiple RAs. Here, the signalling cost represent the energy
consumption per time unit required by an RA to measure and signal RA associated
channel quality information. Figure 2.11 shows that for high signalling energy cost
the mean energy consumption increases considerably faster with an increase in the
number of users over the number of available RAs. An increase in the number of
users by a factor of 5 results to a 50% increase in energy consumption.
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Figure 2.11: Normalized energy consumption including signalling costs vs. number
of users.

2.6 Summary

In this research work we exploit multi-radio transmission diversity in a multi-radio
access network. MRTD is implemented by means of a multi-radio packet sched-
uler which mainly combines user scheduling and radio access allocation. Simulation
study results show that clear capacity increases between 10%-60% depending on
the network deployment scenario are possible. In the case of a network deployment
with collocated RAs, MRTD exhibit average gains of 60% in spectral efficiency by
exploiting diversity in multi-path fading. Whilst in the case of non-collocated RAs
where pico-cells offering hot-spot coverage within macro-cells, spectral efficiency is
increased by exploiting diversity in both shadowing and multi-path fading. Mobiles
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located close to a base station experience high SINR, high throughput, and there-
fore high spectral efficiency. For these mobiles the gains of MRTD are not of great
significance. Mobiles at the cell-edge, however, suffer from low SINR, low through-
put and consequently low spectral efficiency. MRTD can significantly improve the
throughput for such mobiles.

Additionally, the offset between macro-cell and pico-cell has a significant impact
on the MRTD gains, which when estimating spectral efficiency, increase from 13%
(when macro pico are collocated) to approximately 35% (when pico is located at
the cell-edge of macro). Typically, MRTD is advantageous in pico-cell locations
where pico and macro-cells provide comparable supportable throughput. In all other
scenarios, MRTD across either collocated macro-cell radio accesses or collocated
pico-cell radio accesses is the preferred option.

In general, “fast” access selection operating in a time scale equal to multi-path
fading variations is slightly better than “slow” access selection which corresponds to
the time-scales of shadowing. However, fast access selection is sensitive to signalling
delays. The impact of channel quality indicator reporting delays on the performance
of MRTD across radio accesses is significant as spectral efficiency gains almost dis-
appear for delays that are half the channel coherence time. MRTD when combined
with appropriate RA monitoring and retransmission scheme it can improve per-
formance. Retransmissions by means of multi-radio ARQ are efficient in reducing
packet transmission delay and packet loss for any value of offered load. MR-ARQ
also improves robustness as the distance between macro-cell and the pico-cell in-
creases. Finally, the implementation of MRTD schemes is associated with higher
levels of complexity and energy cost.





Chapter 3

Inter-Cell Interference
Coordination

3.1 Introduction

Basic concepts

The main objective of inter-cell interference coordination and frequency reuse is
to maintain to the possible extent resource orthogonality in systems that uses the
same set of frequencies in all cells. Already in the early releases of the 3GPP LTE
standard [57] there have been many candidate proposals suggesting frequency reuse
(FR) schemes to cope with inter-cell interference at the cell-edge. In LTE all these
schemes fall under the umbrella term inter-cell interference coordination (ICIC).
The fundamental idea behind ICIC and FR is to divide the system bandwidth into
two sub-bands, one where interference is allowed an another where interference is
restricted1. Typically, the former supports cell-centre users (CCUs) and the later
cell-edge users (CEUs), however, various schemes exist. The users are divided into
the two groups based on information derived from their geometry and they are
allocated a number of frequency resource blocks within their assigned sub-bands. A
resource block comprises a minimum resolution unit of the bandwidth that can be
assigned to a user. This unit in the LTE parlance constitutes a physical resource
block (PRB). In general for the DL, the total system bandwidth W is divided into
F PRBs. The available PRBs are allocated to the cell users as determined by the
scheduler. In a typical 3-reuse scheme2, the total bandwidth is divided into (i) a
common power unlimited band (PUB) or simply common band (CB), of size WCB,
where interference across cells is allowed, and (ii) a power limited band (PLB), of

1ICIC can be applied in the time domain, referred to as time-based ICIC, however, this equiv-
alent form of ICIC is out of the scope of this thesis.

2A 3-sectored site macro-cellular deployment where each sector of a site, corresponding to a
cell, occupies one portion of the system bandwidth effectively implements a 3-reuse scheme; whilst a
network deployment of a fully symmetric hexagonal plan of omni-directional sites (each constituting
a cell) inherently implements a 7-reuse scheme.

53
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Figure 3.1: Frequency reuse and distribution of power per physical resource block
(PRB).

size WP LB, where interference coordination is performed (cf. Figure 3.1). In this
example illustration, PLB is further divided into three cell-edge bands CEBs being
of equal size WCEB (most effectively when the user distribution is uniform). In
the CB, all cells can use their maximum PRB transmit power in a 1-reuse manner.
In the CEB a cell is allowed to transmit with maximum transmit power P while
all other cells are only allowed to transmit with zero or limited power. CEBs are
typically distributed in a regular repetition pattern, where cells are transmitting
according to a certain power density mask. Users at the cell-edge, i.e., CEUs, are
confined to the Y PRBs of the CEB. The rest of the band, referred to as Cell-Centre
Band (CCB) is assigned to the rest of the users, i.e., CCUs. The size of CCB, WCCB,
corresponds to the remaining PRBs, FCCB, which consist of the X PRBs in the CB
and the remaining (F −X −Y ) PRBs in the PLB. It has to be noted that the set of
actual PRBs in CEB may differ between neighbouring cells. Based on this set-up,
system performance can be defined as a function of the following parameters:

• The size of the CB, WCB suitably expressed in percent of total bandwidth
or by the number of PRBs X. The percentage range of CB is given by the
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common band ratio CBR ∈ {0, . . . , 100} where CBR = 100 ∗ (X/F ).

• The size of CEB, WCEB, suitably expressed in PRBs per cell i and denoted
by Yi. It corresponds to the part of the band which is dedicated for every
ith neighbouring cell in a i-reuse fashion, and where transmission can be
performed at nominal power P 3.

• The value of the power suppression in the PLB of the nominal transmit power
P expressed in dB. For the power suppression,the following values are consid-
ered Z ∈ {−∞, −44, −40, −36, −32, . . . , −4, 0}.

• The ICIC region refers to the users which are highly interfered by another
cell. The ICIC region is defined by the difference between the reference signal
received power (RSRP) of the serving cell and the RSRP of the strongest
interfering neighbour cell. The ICIC threshold (ICICth) interval is given in
dB by ∆RSRP ∈ {−12, −11, . . . , 0}.

The value settings of the above parameters, X, Y , ∆RSRP and Z, define the con-
figuration parameters of the network. The values of these parameters can be either
determined on a per cell basis or on a network basis. In the former the parameters
are set for each cell individually and in the latter the parameter values are common
for all cells in the network. In its simplest form, all cells utilize the same spectrum
(1-reuse) thus giving high rise to interference among cells especially at the fringe of
the cell. When users at different cells make use of the same sub-carriers at the same
time, it has a negative effect on their SINR. Users located close to the cell-edge are
more susceptible to inter-cell interference resulting in lower user bit rates. Opti-
mizing the configuration of a network implies an algorithm that converges to those
values of X, Y , ∆RSRP and Z for which spectral efficiency and user throughput are
improved while energy consumption is kept low.

Related work

The basic idea of ICIC is to use power and frequency domain to mitigate cell-
edge interference from neighbour cells. In prior state of art, various schemes have
been discussed for the specification of 3GPP LTE release 8. According to the
simplest scheme of ICIC, resource blocks are divided among neighbour cells in a
way that no two neighbour cells use the same resource blocks for their users at
any time. This completely eliminates interference from neighbour cells and greatly
improves the cell-edge user throughput. However, it decreases the cell throughout
since resource blocks are only partially utilized. This scheme which is also referred
to as universal frequency reuse is obtained by a network configuration where X = 0

3The nominal power P corresponds to a constant transmit power which on a PRB basis would
be expressed as the maximum transmit power of the access node divided by the total number of
PRBs, F .
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and Zj = −∞, ∀j. An enhanced version of the above scheme is a scheme where all
the neighbour cells use different power schemes across the complete set of resource
blocks such as no two neighbour cells use the same power scheme on the same
resource blocks. This scheme is referred to as soft frequency reuse (SFR) [49, 79]

and is obtained by a network configuration where X = 0 and Z
(i)
j is finite ∀i, j. As

opposed to the HFR and SFR schemes which lack a common band CB, an ICIC

scheme where X > 0 is finite and Z
(i)
j = −∞, ∀i, j, is the partial frequency reuse

(PFR) [50]. In PFR, the available bandwidth is divided within each cell into two
groups; one that corresponds to the CCB and another one which corresponds to
CEB. The CEB between any two neighbour cells are orthogonal. In PFR, as in
SFR, the CCB is used exclusively by the CCUs while the CEB can also be used by
CCUs when it is not occupied by CEUs. A comparison of the above schemes can
be found in [80]. In another version of PFR where all neighbour cells use different
power schemes across the complete set of resource blocks, the transmission power
for the CEB is higher than that of the CCB [81]. In the case of varying traffic loads
and data rate requirements close to the cell-edge all the aforementioned approaches
will be sub-optimal. In [82] [83], a semi-static coordination scheme is proposed in
which the number of the frequency sub-bands reserved for CEUs vary according to
the traffic load near the cell-edge. A cell with high traffic load at its edge gets larger
number of reserved sub-bands than a cell with low cell-edge traffic load.

Common to all these previous studies is that the vast majority has been de-
signed and studied for uniform user distributions and do not identify nor benefit
from the fact that in non-uniform scenarios users further away from their serving
cells may demonstrate a greater variance in experienced interference. To this end,
non-uniform user distribution, can be already exploited in homogeneous networks
to improve the ICIC performance by adapting to radio resource allocation schemes.
This adaptation aims at improving cell-edge user throughput without any signifi-
cant losses in network throughput.

Research objectives

The main hypothesis in this research study is that user distribution, and especially
the non-uniform user distribution, can be exploited to improve the ICIC perfor-
mance. The overall goal is to find a frequency reuse network configuration based on
the relation between the size of the ICIC region, the frequency band used for ICIC
and the power levels of power limited frequency bands so as to improve spectral
efficiency and cell-edge user throughput while maintaining the network through-
put and keeping the energy consumption low. The idea is to develop flexible ICIC
schemes that benefit from and adapt to the distribution of users across the cells
of an homogeneous macro-cellular network4. Accordingly, the overall objectives of

4ICIC based on frequency reuse schemes for heterogeneous networks is further studied in Chap-
ter 5.
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Figure 3.2: CDFs of capacity per position for different power limitation values and
fixed ICIC threshold ∆RSRP equal to −6dB.

this work are to:

• investigate and evaluate the trade-offs of resource orthogonality that can be
achieved by means of optimized ICIC for both uniform and non-uniform user
distribution scenarios, and

• devise and evaluate both centralized and distributed solutions of optimized
frequency reuse schemes that maximize performance gains in non-uniform
distribution scenarios.

3.2 Inter-cell interference coordination capacity gains

This research work [5] (cf. Paper 5) studies the trade off between the size of the ICIC
area, the frequency band used for ICIC and the power level that is allowed to be used
in the power limited frequency bands. To exploit the full potential of ICIC, system
capacity gains for both uniform and non-uniform user distributions have been inves-
tigated based on exhaustive search. More specifically, in the system model of this
research study, it is assumed a common band, where all cells can use their maximum
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power in a 1-reuse manner (see Figure 3.1). The size of the common band, in percent
of the total bandwidth takes its values from the set CBR ∈ {0, 5, 10, . . . , 95, 100}[%]
The remaining part of the band is divided into three equal parts where every third
cell is allowed to transmit with full power and the other cells are only allowed to
transmit with a limited power in the set Z ∈ {−∞, −11, −10, . . . , 0}[dB]. Finally,
the ICIC area, where the UE is considered to be interfered by another cell, is varied
by varying the threshold of the difference in received RSRP between serving cell
and the neighbour cell, ∆RSRP ∈ {−6, −5, −4, −3, −2, −1} [dB]. A simplified sim-
ulation capacity analysis study is performed investigating the correlation between
system capacity and the distributions of power limited frequency bands among the
cells. The user capacity is calculated as the sum of the capacity performance of
position-based PRBs. According to this calculation, the cell-edge positions of users
are limited to the CEB, i.e., the band where the interference is limited from the
other cells, and the users at cell-centre positions are limited to the remaining band.

Figure 3.2 shows the CDF curves for various levels of power suppression in
the power limited bands when ∆RSRP = −6dB and for four different bandwidth
partitioning scenarios with 0%, 25%, 50% and 75% constituting the common band
respectively. The capacity for the lower end of the distribution, i.e., the cell-edge
users, is higher when the size of the common band and the percentage of the cell-
centre users (approx. 60%) are rather small. This is most pronounced in the highest
power suppression values (−∞ and −11 db). As the common band is increasing the
effect on the capacity distribution from the power limited bands disappears.

To create a scenario of non-uniform user distribution, we simulate a network
where all six adjacent sites around network’s central site are populated either by
CCUs only or by CEUs towards one randomly selected neighbour cell. The network
consists of omni-sites with a 7-reuse in the CEB. The gains associated with this
non-uniform user distribution scenario are depicted in Figure 3.3. Figure 3.3(a)
shows the average gain as a function of power level and common band percentage.
For all power levels and common band portions, non-uniform distribution of users
shows gains as compared the uniform user distribution scenario. Also for each given
common band there is a specific power level that obtains the maximum capacity.
Finally, Figure 3.3(b) illustrates an example of the capacity gains, measured in
Mbps, that can be achieved in an area with rather skewed user distribution. The
additional capacity gained could be exploited as a power saving. The power saving
∆P in the given region, here computed by interpolation, can be used as a control
parameter for adapting the capacity gain ∆C to power consumption costs.

Overall, in the uniform user distribution case, cell-edge user throughput gains
from DL ICIC are well-pronounced only for a small subset of network configura-
tions. The largest static throughput gains achieved by reducing the power in specific
bands can be found on the border between two cells. Appropriate configuration of
power level settings and bandwidth allocation for non-uniform user distribution is
associated with capacity gains.
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(a) Gains of non-uniform over uniform user distribution expressed
as a function of power suppression for ICIC threshold report value
of ICICth =-6dB and for various percentages of common band
(CB).

(b) An example of capacity cost gains achieved for a given sce-
nario of non-uniform user distribution.

Figure 3.3: Capacity and capacity cost gains in an example of a non-uniform user
distribution scenario.

3.3 Adaptive partial frequency reuse

In this study [6] (cf. Paper 6) we aim at optimizing the size of the CEB of each cell
given a non-uniform cell load scenario. The objective of the optimization algorithm
is again to reduce interference and improve cell-edge user throughput while pre-
serving overall system throughput performance. More specifically, in this study we
devise an adaptive version of the PFR scheme which assigns to each cell’s CEB the
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(a) Hard frequency reuse scheme with reuse 1 (b) Static Partial Frequency Reuse

(c) Semi-Static Partial Frequency Reuse (d) Adaptive Partial Frequency Reuse

Figure 3.4: Different partial reuse schemes ranging from static to dynamic.

number of PRBs Y that maximizes cell-edge user throughput, TCE and network
throughput, TS . Here, it is assumed that the spectrum is comprised by a set of
PRBs which are divided into a CCB exclusively used by the CCUs and a CEB used
primarily by the CEUs. The set of PRBs constituting the CCB is the same for all
cells.

The proposed, adaptive partial frequency reuse (APFR) solution is performed in
a centralised off-line way through an evolutionary method applying a genetic recur-
sive algorithm. The genetic algorithm computes for each cell an optimal number of
PRBs as guided by the geometry and the interference induced from adjacent cells.
The proposed solution and other versions of the PFR scheme are illustrated in Fig-
ure 3.4 for comparison. Figure 3.4(a) illustrates a static frequency reuse scheme of
1-reuse, also called universal frequency reuse scheme, where all users in a cell share
all PRBs available to the system. Figure 3.4(b) illustrates a static partial frequency
assignment where 1-reuse is applied for CCUs and 3-reuse is applied for CEUs. In
this scheme the 3-reuse part are split equally between the different cells and the
CEBs in adjacent cells are orthogonal. This orthogonality is preserved in the semi-
static partial frequency assignment, as shown in Figure 3.4(c), where a cell with
high load at its cell-edge (Cell A) gets a larger number of CEB PRBs than its adja-
cent cell (Cell B) with low cell-edge traffic load. The solution proposed in this study
extends the previous solutions by exploiting the interference diversity pertinent to
non-uniform user distributions. The idea is to reuse PRBs in CEBs of adjacent cells
for users who may be at locations where interference is not severe. Hence, allowing
for the CEBs of adjacent cells to dynamically adapt to the non-uniform distribution
of users across their border. As illustrated in Figure 3.4(d),the adaptive frequency
reuse derives solutions where CEBs in adjacent cells may partially overlap.

In terms of the configuration solution the algorithm optimises parameter Y for
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Figure 3.5: APFR cell-edge user throughput results normalized to 3-reuse and 1-
reuse.

each cell’s CEB given that X is finite with Xi = Xj , ∀i, j and Z
(i)
j = −∞, ∀i, j (cf.

Figure 3.1). The returned solutions are characterized by a vector s̄ = [Y1, Y2, . . . , YN ]
of finite Yis comprising the number of PRBs of the CEB of the ith cell for which
∃i, j : i Ó= j, Yi ≥ 0, Yj ≥ 0, Yi Ó= Yj holds. In the vector s̄, the number of elements,
N , corresponds to the total number of cells under consideration. Adaptation of
the vector, s̄, versus load distribution is made by means of an objective function,
f(s̄). The objective functions used for the optimisation of the genetic algorithm
are: (i) System Throughput objective function (STOF), denoted by fS and based
on the system throughput, TS , which is defined as the sum of the cell throughput
of all cells in the network, i.e, fS = TS , (ii) Cell-edge user throughput objective
function (CETOF), denoted by fCE and based on cell-edge user throughput, TCE ,
which is defined as the 5% point of the CDF of the user throughput in all cells, i.e,
fCE = TCE , (iii) a Pareto multi-objective and (iv) an aggregating multi-objective
function (AMOF) defined as follows

f (s̄) =
w · fS (s̄)

arg max
s̄H∈H

fS (s̄H)
+

(1 − w) · fCE (s̄)

arg max
s̄H∈H

fCE (s̄H)
(3.1)

where H is a set of h candidate solutions, H = {s̄ι}
h
ι=1 for an integer h. For the

simulation experiments, three sets of 10, 20 and 30 users respectively are generated
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and distributed uniformly in each cell. Next, three sites are selected in random and
in the boundaries of two of their sectors 30 additional users are dropped. It has
to be noted that the total transmit power, which is common to all cells, is equally
distributed among the PRBs of a cell.

Figure 3.5 depicts the cell-edge user throughput of APFR normalized to 1-reuse
(APFR/1-reuse) and 3-reuse (APFR/3-reuse) when AMOF is used. Results for
different cell load scenarios and different weight values, w as defined in (3.1), are
shown. A weight value w = 0.5 means that the system throughput and the cell-edge
user throughput function components are equally important. As expected as w goes
to 1.0 the APFR guides the optimization towards solutions that favour the system
throughput objective. Cell-edge performance of the AMOF outperforms (or is at
least as good as) 1-reuse in all scenarios and for all values of w. Moreover, APFR
performs 10-20% better than 3-reuse in most scenarios except for w = 1 where
3-reuse outperforms APFR. As expected, gains diminish as the cell load increases.
Further results of the Pareto-based genetic algorithm simulations for different cell
load scenarios can be found in Paper 6 [6]. In conclusion, for certain scenarios sim-
ulation results of the proposed adaptive frequency allocation demonstrate gains up
to 20% for the cell-edge user throughput as compared to a partial frequency 3-reuse
scheme.

3.4 Path-loss based power suppression for ICIC

In the previous studies it has been shown that inter-cell interference coordination
techniques benefit when user distribution is non-uniform both in terms of capacity
and power. The potential for capacity gains at the cell-edge is highest in non-
uniform distribution scenarios where interference sensitivity can be further exploited
due to variations related to spatial distribution of users across neighbour cells. Low
interference sensitivity adds a degree of freedom to the scheduling of the frequency
resources and allows for trading off power with capacity.

Based on these observations, in this study [7] (cf. Paper 7) we devise a dis-
tributed algorithm to perform ICIC in the downlink that, in addition to load in-
formation, it basically utilizes path loss statistical information to exploit variations
related to spatial distribution among users. More specifically, the suggested algo-
rithm uses the mean and the variance of the path loss from a cell j to a neighbour

cell i to set the power suppression level Z
(i)
j in the fraction of the power limited

band that is occupied by the CEB of that neighbour cell i (cf. Figure 3.1). Figure
3.6 shows three examples of user distribution between two interfering cells b1 and
b2. The first example corresponds to a scenario where the interfered users in cell
b1 are clustered and distantly located from cell b2. In this example the mean path
loss from the interfering cell b2 is high while the variance is relatively low. As a

consequence, the power suppression Z
(1)
2 should be rather small (cf. Figure 3.6(a)).

In the second example the situation is the opposite. The average path loss and the
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(a) Example 1 - High mean and low variance

(b) Example 2 - Low mean and low variance

(c) Example 3 - Moderate mean and high variance

Figure 3.6: Examples of different cell-edge user distributions between an interfering
base station b2 and a serving base station b1.

variance are low indicating users situated in a cluster in close proximity of the cell-
edge (cf. Figure 3.6(b)). Between the first and the second example, which represent
the two probable extremes, the third example illustrates a scenario with a moderate
average path loss and a moderate or even high variance which is representative of a
scenario where users are more uniformly distributed (cf. Figure 3.6(c)). In practice,
a cell, bi, obtains measurements from its cell-edge users about the path loss from
a neighbouring cell bj . It then calculates the mean µbj

and the standard deviation
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σbj
of all measurements, and sends those to its neighbour. This is performed for all

neighbour cells, ∀j of cell i. Upon receiving the mean path loss and the standard

deviation, each neighbour cell determines the transmit power suppression Z
(i)
j at

the fraction of the power limited band that is primarily used by cell i. The calcu-
lation of the transmit power suppression which is a function of the mean path loss
and the standard deviation Z(µbj

, σbj
) is in our algorithm performed according to

Z
(

µbj
, σbj

)

= Zmax



1 −

(

µbj
− σbj

− Lmin

Lmax − Lmin

)

Λi,ceu

Λj,ccu



 (3.2)

where Lmin is an estimation of the minimum path loss, Lmax is an estimation of
the maximum path loss, Zmax is the maximum power suppression level, and Λj,ccu,
Λi,ceu, are functions of the CCUs’ traffic load in the serving cell and the CEUs’
traffic load at the interfering cell respectively. Assuming that all users contribute
with equal load, Λj,ccu and Λi,ceu can be expressed as the number of CCUs in the
serving cell and the number of CEUs in the interfering cell respectively.

The performance of the path-loss based power setting (PLPS) algorithm has
been evaluated and compared to different reference schemes in the case of non-
uniform user distribution. As a reference both 1-reuse and 7-reuse schemes have
been considered. In 1-reuse the entire band is available to all users, whereas in
7-reuse the bandwidth is divided in 7 equal parts each allocated to a different cell
in a cluster of 7-neighbouring cells. In addition the PLPS has been also compared
to a scheme which is derived based on the global optimization approach in Paper 5
which here is denoted as Global Z. Given fixed values of X and ∆RSRP , Global Z is
used to exhaustively search among the available power suppression levels and select

a level common to all cells, i.e., Z
(x)
i = Z

(y)
j , ∀x, y, i, j.i Ó= j that maximizes cell-edge

user throughput. Users on the cell-edge are confined to the PRBs of size Y in the
CEB of the cell. The rest of the users use the remaining PRBs. The PLPS has been
evaluated in terms of the user throughput per PRB and energy efficiency.

Simulation results have shown that the suggested method provides comparable
user throughput performance as a 1-reuse scheme for the best users while it out-
performs 1-reuse for the worst users. (cf. Figure 3.7(a)). More specifically, 7-reuse
scheme increases the user throughput for the CEUs due to an increase in their spec-
tral efficiency but it reduces the maximum achievable user throughput due to the
bandwidth limitation implied by the 7-reuse scheme. On the opposite side CCUs
benefit largely by 1-reuse while the CEUs receive the lowest user throughput of
all schemes. Global Z, which introduces limitations for both CCUs, who receives
at a lower transmit power, and CEUs, who are bandwidth limited, benefits from
the effects of both limitations and the user throughput lies between 1-reuse and 7-
reuse. In comparison PLPS turns to be a better approach. By individually setting
the power of PLB for each neighbouring CEB, the PLPS can find a solution with
user throughput of the CEUs comparable to Global Z, and a user throughput for the
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(a) User throughput distribution

(b) Energy efficiency distribution

Figure 3.7: User throughput and energy efficiency distribution for the proposed
PLPS algorithm in comparison with the reference algorithms.

CCUs comparable to 1-reuse. On average PLPS increases cell-edge user throughput
by 15-20%. In addition, PLPS outperforms both 1-reuse and Global Z in terms of
energy efficiency in bits per Joule per PRB. As shown, in Figure 3.7(b), PLPS is
at least twice as energy efficient as to 1-reuse, and approximately 10% more energy
efficient as compared to Global Z. In other words, PLPS can send twice as many
bits per Joule per PRB than 1-reuse. PLPS cannot match the energy efficiency of
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7-reuse, which is associated with a cost in terms of user throughput losses.

In summary, in this study it is shown that non-uniformity can be described
in terms of path-loss statistics and load, which can be exploited to determine the
transmit power to be used. The proposed PLPS algorithm, which utilizes path loss
statistical and load information to exploit spatial variations in user distribution,
improves the user throughput of cell-edge users almost without any losses in the
user throughput of the cell-centre users.

3.5 Summary

Due to the orthogonal downlink transmission within the cell in OFDMA-based
cellular networks the major problem with interference is coming from transmissions
in neighbouring cells. Interference significantly decreases the throughput of the users
at the cell-edge. Mitigating this problem requires an ICIC scheme that divides the
spectrum in each cell into two sub-bands one of which is aimed to be used by the
cell-edge users. The utilisation of the spectrum by each cell is characterised by four
configuration parameters: (i) the part of the band that with full power is common
for all cells (i.e. with 1-reuse), denoted with X; (ii) the part of the band with full
power that is dedicated for every third cell in a 3-reuse fashion, denoted Y ; (iii) the
power suppression level of the band not used with full power, denoted by Z; and
finally (iv) the region where the users are considered to be heavily interfered by the
neighbouring cells, denoted by ∆.

In this series of research studies we have explored the potential gains in sys-
tem capacity from varying these four configuration parameters X, Y , ∆RSRP and
Z. For the case of uniform user distribution gains with ICIC over no-ICIC are
marginal and the gains of suppressing the power Z in neighbouring cells in parts
of the band are not well-pronounced. For each division of 1-reuse or 7-reuse band
there is a power suppression level to reach maximum capacity. Although the gains
are not very large, there are opportunities to trade capacity and power when the
user distribution is non-uniform. It is shown that gains are better pronounced
in non-uniform user distributions due to differences in the interference. For the
non-uniform user distribution scenario three optimizing ICIC algorithms have been
developed and evaluated by means of simulations: (i) a centralized globally optimal
algorithm, referred to as Global Z, (ii) an adaptive partial frequency reuse opti-
mization algorithm, referred to as APFR, and (iii) a distributed power suppression
algorithm based on path-loss, referred to as PLPS. The first algorithm shows that in
non-uniform user distributions there exist a global power suppression level Z, that
is optimal in providing maximum cell-edge capacity. Highest gains are sought for
zero or smaller sizes of common band X. Simulation results of the second APFR
algorithm, which optimizes the size of Y in each cell, demonstrate gains up to
20% for the cell-edge user throughput as compared to a partial frequency 3-reuse
scheme. Finally, the evaluation studies of PLPS show that the power suppression
levels derived by our third algorithm greatly improve spectral and energy efficiency
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as compared to 7-reuse and 1-reuse schemes respectively. It is also shown that our
algorithm exploits the non-uniformity in the user distribution to improve the user
throughput of cell-edge users almost with no losses in the user throughput of the
cell-centre users, while it outperforms both 1-reuse and Global Z in terms of energy
efficiency.





Chapter 4

Power On-Off of Access Nodes
for Heterogeneous Networks

4.1 Introduction

Basic concepts

One of the most obvious approaches to save energy in radio access networks is to
activate the radio access nodes on a need basis, exactly as switching on/off the
lights at home. Deactivate by switching off when there is no need and reactivate by
switching on whenever necessary to serve the users. Energy savings are obtained
simply by avoiding to always power on all the resources as if it always was peak
traffic and busy hour. As a result, the key for energy efficient operation is to be
able to follow traffic demands dynamically throughout the day. The term dynamic
here refers to operation time scales of long term statistics that would follow the be-
haviour of the traffic at and during different time zones1. Today’s cellular networks
are planed for peak hour traffic despite the fact that the traffic activity heavily
varies between cells and time. Traffic variations are typical for dense city areas
that combine, for instance, a residential area and a working area. Traffic activity
in the working area is usually high during daytime when people are at work while
it decreases in the evenings when people return home. While macro cells have the
capacity to serve thousands of people during daytime, they only serve some tens
of users in the evenings and late hours. The opposite pattern prevails for the resi-
dential area where thousands are served in the evenings but only a fraction during
daytime. In all the above cases the under-utilization of the radio infrastructure and
radio resources wastes power and significant power savings could be achieved by
reducing the number of radio resources that the network provides in time, space
and frequency. In a HetNet, which consists of sites and nodes with different power

1Although powering on/off at time scales of milliseconds or seconds are feasible for low-power
nodes, for high-power nodes it requires a different set of solutions according which macro cell is in
a sleep mode of operation rather than completely switched-off.
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Figure 4.1: An illustration of the power on-off optimization approach for HetNets.

transmission, and consequently different coverage and capacity profile, this implies
switching off a number of base stations at different tiers (macro, micro, pico, femto
etc). One of the optimization challenges is to maximize or maintain user through-
put and coverage at a minimum of energy consumption cost. HetNets are expected
to assist in lowering the energy consumption because low power nodes will provide
capacity where and when it is needed. An increase in network capacity is also
expected because powering off and on cells is in fact one of the key technologies
for reducing inter-cell interference. Switching off cells can be done when there is
practically no traffic in the cell or the user traffic is very low and can be directed to
neighbouring cells. On the other hand switching on cells can be done for instance
to support a heavily loaded neighbour cell and contribute to balancing the offered
load.

In this work we evaluate the gains of powering on/off of cells in a HetNet in
terms of network capacity and energy consumption. For this purpose we develop
an optimization algorithm that addresses a HetNet deployment consisting of a set
of macro and pico cells, and a set of users connected to them. The optimization
algorithm is guided by an aggregating multi-objective function where individual ob-
jectives correspond to targeted key performance indicators (KPIs). Here, the main
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two key objectives are primarily the cell-edge user throughput and the energy re-
duction gain. Mean user throughput is also considered. The algorithm has been
developed in three versions: a centralised, a distributed with cooperation, and a
distributed without cooperation. The output of the algorithm is the actual config-
uration of the network, that is, which cells should be turned off and which should
remain powered on. Users are then connected to the powered on cells according to
their maximum reference signal received power (RSRP). Again, powering off does
not imply nodes operating in a sleep mode state but to a complete shut-down which
is suitable for solutions that target longer periods of traffic statistics equivalent to
different time zones of a typical day. The goal is to obtain, without compromis-
ing network throughput performance, high energy efficiency by being active and
transmit when and where needed.

Related work

One of the key challenges associated with the 3GPP LTE standardisation was the
realisation of self-organising networks (SON)[84]. SON in cellular networks has been
developed to allow network operators to optimise at any time the operation of their
networks towards different objectives including energy efficiency. To this end, the
power on/off of cells in various forms as part of the network operation is studied
in the contemporary state-of-art and its impact to energy savings is evaluated.
Some studies consider switching off a group of cells [85, 86, 87]. A subset of these
focuses on specific radio access technologies characteristics e.g., UMTS, LTE, [87]
while others use various types of sleep modes and “BS wake-up” methods [88].
In [89], simulations of base station (BS) sleep modes are used to show how the
daily traffic variations and the cellular topology influence the energy efficiency;
whereas in [87], the number of sites and the number of carriers per site of a UMTS
network may be adjusted according to the traffic load that varies with the time of
day. Adequate service quality is maintained and energy savings of 18% to 38% are
claimed, depending on the performance target and the parameters of the energy
consumption model. In [90], a UMTS micro cell network is modelled and also
a HetNet network. Power consumption is reduced (by up to 50%) by switching
off base stations whilst still meeting QoS constraints on blocking probability and
electromagnetic exposure limits. In [91], it is presented a centralised management
method to switch cells on/off based on integer linear programming, and applied to
an example network using WiFi.

Compared to the prior state-of-art of its time, our research study differs in two
ways. First, it attempts to capture the trade-off between throughput and power
consumption and, second, it targets on the reconfiguration of the existing network
by shutting down individual cells and in particular those that would contribute to
the highest attainable energy savings and lowest interference. However, it has to be
emphasized that in parallel with our research work a significant amount of research
efforts focused on energy savings in wireless networks. There is a considerable
number of papers in the contemporary art that consider fundamental trade-offs
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between between energy efficiency, capacity, quality of services and radio access
density [62, 59, 60]. To cope with the energy related research questions of radio
networks, various power models for access nodes and terminals have been proposed
and analysed [92, 93, 94]. These research efforts clearly demonstrate the importance
of green communications in future radio access networks.

Research objectives

In the context of a single-RAT HetNet consisting of radio access nodes with dif-
ferent power transmission, coverage and capacity, the key questions are (i) how to
maximize or maintain user throughput and coverage at a minimum of energy con-
sumption cost, and (ii) how much can be gained by switching off some nodes and
in this case which nodes one should switch off. Towards this end, the objectives of
this research study are to

• develop centralized and distributed optimization algorithms that perform pow-
ering on-off of cells in a HetNet, and

• evaluate the gains of powering on/off of cells in terms of network capacity and
energy efficiency for both uniform and non-uniform user distribution and for
different cell densities.

4.2 Centralized power on-off optimization

In this work [8] (cf. Paper 8) we devise an algorithm for both capacity and energy
efficient optimization. It assumes a heterogeneous radio network consisting of a set
of j cells, and a set of i users connected to them. We assume that a user’s serving cell
is the cell with the maximum RSRP among all cells in the network. Furthermore,
based on a path-loss model and the reference signal (RS) transmit power of each
cell we can obtain the gain matrix, Gi,j , i.e., channel gain between any cell and any
user. Knowing the transmit power of a cell and the channel gain we derive the SINR
and the attainable throughput a user can be served with. Hence at any time the
configuration of a cell i may be in one of two possible states: powered-on (hi = 1) or
powered-off (hi = 0) and so the configuration of the entire heterogeneous network
can be expressed in terms of a binary transmit indicator vector h that indicates
the configuration of the network at any one time and constitutes the optimization
variable of the system. That is, given the path gains, cells’ transmit powers, and
the noise, the goal is to find a solution that maximises throughput and energy
efficiency. For the throughput we look at the cell-edge user throughput per PRB,
O, which is defined as the 5th percentile (5%-tile) of the user throughput and for the
energy efficiency we rely on measures of energy consumption and relative reduction.
The energy consumption ratio (ECR) of a configuration EC is defined as the ratio
in Joules/bit between the mean transmit power consumed (RF power) and the
mean cell throughput. Based on the ECR, energy reduction gain (ERG), EG of a
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configuration hw, is defined as the unity minus the ratio of the ECR of configuration
hw over the ECR of a baseline configuration, hr.

EG (hw, hr) = 1 −
EC (hw)

EC (hr)
(4.1)

Cell-edge user throughput and energy consumption ratio are combined into a
single aggregate objective (utility) function f in which the utility value of any
configuration hw is calculated relatively to a baseline reference configuration hr

by the following weighted sum expression

f (hw, hr) = α ·
O (hw)

O (hr)
+ (1 − α) · EG (hw, hr) (4.2)

where coefficient α is a weight that is used to shift the priority between the two
objectives in the objective function. α = 1 means optimization is guided to maximise
throughput whilst α = 0 would target the maximization of the ERG.

Given the above metrics the optimization problem is to maximise f under the
condition that coverage is maintained i.e. the received power does not fall below a
threshold value (which here equals -120dBm). For the optimization a meta-heuristic
approach has been used based on simulated annealing (SA) which is a stochastic
steepest ascent hill climbing search [95].SA is an iterative algorithm which at each
iteration step generates a new successor network configuration from the current
network configuration. The new network configuration is evaluated and if it is
better that the current configuration it is kept; otherwise it is kept with some
probability which decreases as function of time. Compared to other steepest ascent
hill climbing algorithms, SA is less susceptible to local optima and is effective in
finding an approximation to the global optimum.

The algorithm has been evaluated by means of simulations based on an hetero-
geneous network scenario that follow the HetNet model as described in 3GPP for
LTE-A [63]. Two main deployment configurations are considered: Configuration 1
and 4. In Configuration 1 a fixed number of users, or UEs as in LTE parlance, and a
fixed number of pico cells are uniformly and independently distributed within each
macro cell. In Configuration 4, the user distribution is clustered in the sense that
a fixed number of users are dropped within a pico cell’s coverage area and the rest
are uniformly dropped in the entire coverage area of the macro cell.

Configuration 1 broadly reflects on a pico deployment with no planning. From
the results, cell-edge user throughput increases and so it does the energy consump-
tion rate as the coefficient increases, whilst the ERG falls. If cell-edge user through-
put is not a major concern then the ECR can be significantly reduced using co-
efficient equal to zero - ERG is 0.78, so ECR is 0.22 times that of the baseline.
Whilst there is a useful network throughput gain (13%), the power reduction is the
main cause of the large ERG. If cell-edge user throughput is important, setting the
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(a) Unplanned pico deployment (Configuration 1) with 25 and 4 uniformly distributed users
within the macro and the pico area respectively (4 picos per macro).

(b) Planned pico deployment (Configuration 4) with 20 and 4 uniformly distributed users within
the macro and the pico are respectively. (4 picos per macro).

Figure 4.2: Simulation results of centralised optimization approach.

coefficient to 0.5 gives a similar value to the baseline whilst achieving an ERG of
0.37 and an increase in network throughput (by 10%). The performance metrics of
this scenario is depicted in Figure 4.2(a). When ERG is the only consideration, the
algorithm switches off many macro cells but switches on a number of pico cells to
maintain capacity. This is due to the fact that the macro-site power is forty times
that of the pico cell. In fact, although cell-edge user throughput decreases, the ca-
pacity is greater than in the baseline (the mean user throughput increases and the
number of users is fixed). Empty cells are switched off at the end of the optimiza-
tion, including baseline, to give the final count of cells that are on /off. Simulation
results indicate that even in the reference scenario, the number of empty pico cells
is already significant; hence, some of the sites may be turned off.

As compared to Configuration 1, Configuration 4 reflects a scenario where pico
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cells are located at hot zones where user density is high (see Figure 4.2(b)). When
the coefficient is set to zero, again, there is a large reduction in ECR, largely through
power saving from disabling macro cells. Network throughput increases even though
there are 12 fewer cell sites active, and there is no loss in cell-edge user throughput.
Increasing the coefficient shows little or no gain in cell-edge user throughput, whilst
there is a loss in ECR, especially with coefficients 0.75 and 1.0. Coefficients 0 or 0.25
offer clearly the best configuration here. In addition when throughput is the only
consideration we may achieve 10% better cell-edge user throughput while having
more pico and macro cells switched off than the baseline scenario. In the baseline
the majority of pico cells are switched on. This is because many of the users are
clustered around the pico cells, and there are more users in the network. Clearly
the freedom to switch off cells diminishes as the network load increases. When ERG
is the only consideration, the algorithm switches off many macro cells (only 2 are
on) hence keeping ECR very low while maintaining cell-edge user throughput.

4.3 The effect of pico density on power on-off

optimization

In this study [9] (cf. Paper 9) we further extend the scope of this research work
to also investigate the effect of pico density when the optimization is performed
towards the mean user throughput T rather than cell-edge user throughput O. For
this purpose the objective function is modified as follows

f (hw, hr) = αG (hw, hr) + (1 − α) · EG (hw, hr) (4.3)

where the throughput gain (TG) in terms of mean user throughput, referred to as
“user mean TG”, is given by

TG (hw, hr) =
T (hw)

T (hr)
− 1, (4.4)

and in terms of cell-edge user throughput, referred to as “user 5% TG”, is given by

TG (hw, hr) =
O (hw)

O (hr)
− 1. (4.5)

The effects of switching off cells can be directly seen when comparing user mean
and the user 5%-tile TGs, corresponding to the user and the cell-edge user through-
put gains respectively. As expected, in most cases the user mean TG is higher
when optimization is done towards user mean throughput than towards user 5%-
tile throughput for the same value of α and number of pico cells per macro cell.
It can also be noted that the user mean TG cannot always be kept positive when
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(a) User mean throughput, a = 0.25 (b) User mean throughput, a = 1.00

Figure 4.3: Configuration 1 with 25 and 4 uniformly distributed users and picos per
macro respectively.

cells are switched off. In particular, this is the case with only a single pico cell per
macro cell. The same kind of degradation happens to the user 5%-tile TG except
when there are four pico cells per macro cell. When optimization is made towards
user 5%-tile throughput the situation is somewhat different. Here the user 5%-tile
TG is negative or negligibly small in all cases except with four pico cells per macro
cell. The conclusion from these two observations is that the user 5%-tile TG is more
adversely affected than the user mean TG from switching off cells.

Figure 4.3 shows the user throughput gain (TG) and ERG for different num-
ber of pico cells per macro cell when the optimization is done towards user mean
throughput. Figure 4.3(a) depicts the case for α = 0.25, while Figure 4.3(b) the
case when α = 1.00. It can be seen that with α = 0.25 the user mean TG cannot
be maintained in the case of a network scenario with one pico-cell per macro-cell,
while it can do so with α = 1.00 (cf. Figure 4.3(b)). In the worst case, the user
mean TG is almost −0.25 (cf. Figure 4.3(a)), thus a quite considerable reduction.
This reduction in user mean TG is a consequence of that with lower values of α,
the optimization is made towards energy efficiency. The results show that an ERG
up to 90% can be achieved while at the same time the throughput is increased in
excess of 40%. It can also be noted that there’s a big difference in both ERG and
TG when increasing the number of pico cells per macro cell.

In conclusion, the ERG potential increases as the density of pico cells per macro
cell increases. This is because with an increasing number of pico cells per macro cell
more macro cells can be switched off when the traffic is taken over by the pico cells.
In addition, optimising for user mean throughput may result in that user 5%-tile
TG is negative, i.e. in order to not reduce the user 5%-tile TG, α has to be chosen
carefully.
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4.4 Distributed power on-off optimization

In a further extension of this research study [10] (cf. Paper 10), the network is
divided into clusters of cells and the optimization is performed by the clusters in
a distributed manner. Different variations of distributed optimization are devised
and the obtained network configuration solutions are compared to a baseline con-
figuration scenario where all populated cells are powered on. The simulation study
is also extended to include a site’s input power following the base station power
model developed in [92] and briefly described in Section 1.2.

Distributed optimization implies that each cluster runs its own instance of the
SA-based algorithm separately. There are two key design principles in the realisation
of the SA approach in a distributed way among clusters. The first design principle
deals with the synchronisation of the optimization among clusters and the order at
which network clusters execute the algorithm. Here it is assumed that clusters are
taking turns in a sequential manner according to a predefined fixed order. Other
schemes that ranks clusters according to some criteria, such as, energy-efficiency
factor, outage, and cell-edge user throughput are also possible. The second design
principle governs the optimization objective that may range from the optimization
of the whole network to the optimization of the cluster. Optimising for the whole
network requires global knowledge on how a cluster’s successor configuration affects
network performance. This requires clusters to cooperate by exchanging information
on their configuration and performance. On the other hand, if clusters have only
access to local knowledge, then they can only target to improve cluster performance.
In this case the optimization of user throughput targets all users in the cluster, i.e.,
the mean cell throughput per PRB is defined as the mean cell throughput per PRB
of the cluster. More specifically, distributed optimization can be performed either
autonomously or cooperatively.

• Cooperative optimization among clusters targets to the maximization of net-
work (system) utility and requires both optimization coordination among clus-
ters and global knowledge. Global knowledge refers to the exchange of relevant
information between the clusters in order to make possible for each cluster to
optimize according to a global objective function of network utility given by
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(4.6)

where O(s) and E
(s)
G denote the cell-edge user throughput and the energy

reduction gain of the system, s i.e., the entire network.

• Autonomous optimization is performed within a cluster c and targets to the
maximization of cluster utility only. Its execution is based on local knowledge,
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(a) Cell-edge user throughput for unplanned
pico deployment (Configuration 1) with 4 pi-
cos/macro.

(b) ERG for unplanned pico deployment (Con-
figuration 1) with 4 picos/macro.

(c) Cell-edge user throughput for planned
pico deployment (Configuration 4) with 4 pi-
cos/macro.

(d) ERG for planned pico deployment (Config-
uration 4) with 4 picos/macro.

Figure 4.4: Simulation results of different optimization methods.

that is, knowledge related to the cluster. The objective function used for the
autonomous optimization is local and given by
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where O(c) and E
(c)
G denote the cell-edge user throughput and the energy

reduction gain of the cth cluster.

For the case of a network deployment with no planning, i.e., Configuration 1,
the trends are the same as in the performance exhibited in the centralised approach
(c.f. Figure 4.4). With regards to the different approaches both centralized and
cooperative optimization algorithms result in solutions that are closer to a global
optimum. In fact, as shown in Figure 4.4(a), the cooperative and the centralised
approach follow each other within a certain interval of solution approximations.
It is worth noticing the differences in ERG for α values in the range of 0.5-0.75
which in the case of Configuration 1 are brought by smaller differences in cell-
edge user throughput (c.f. Figure 4.4(b)). The differences arise from the fact
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that the cooperative and the centralized optimizations arrive at configurations of
equivalent performance but different in the number of active macro and pico cells.
In the case of cooperative optimization the successor configuration that a cluster
generates is only based on configuration changes located within that cluster. This
approach implies restrictions in the search algorithm since it forces the SA through
a subset of paths in the solutions space which probably wouldn’t be taken by a
centralised algorithm. This way the solution space is more systematically explored
which sometimes may result in different, and possibly better, approximations. In our
simulations for α values in the range of 0.5-0.75 the centralized optimization results
in a solution where a larger number of macro cells are powered on as compared
to the cooperative approach. In an unplanned network a larger number of macro
cells improves coverage and cell-edge user throughput. On the opposite side, the
autonomous approach underperforms with regards to cell-edge user throughput,
but it exhibits small variations in ECR for α-values in the range of 0-0.75. This is
achieved by maintaining a small number of macro cells powered on and by gradually
increasing the number of pico cells as the coefficient increases. This behaviour of
autonomous optimization is even more pronounced in the case of a planed network,
i.e., Configuration 4 as shown in Figure 4.4(d). In addition, the cooperative and the
centralized approach almost coincide with the baseline solution with regards to the
performance of the cell-edge users (c.f. Figure 4.4(c)). This is because many of the
users are clustered around the pico cells, which restricts the network configuration
search space to a narrower set of potential solutions.

In comparison, cooperative optimization shows similar performance as the cen-
tralised algorithm. Autonomous optimization performs better than the baseline in
terms of energy efficiency, but it underperforms as compared to cooperative opti-
mization both in cell-edge user throughput performance and convergence time.

4.5 Summary

In conclusion, significant energy reduction gains can be achieved by switching off
cells while preserving - or in some scenarios even improving - cell-edge user through-
put due to interference reduction. Better energy efficiency can be achieved in config-
urations where user and pico positions correlate. In these configurations significant
reductions in energy consumption are gained from switching off macro cells. Fur-
thermore the energy reduction gain potential increases as the density of pico cells
per macro cell increases. Finally, better solutions are achieved as we move from
local knowledge to more global network knowledge. This is the case for centralized
and cooperative optimization among clusters which show similar performance. In
terms of energy efficiency, local optimization still performs better than the case with
no power on-off; however, it is not as efficient as the cooperative optimization in
terms of user throughput and convergence time.





Chapter 5

A Framework for Throughput
and Energy Efficient Radio
Access Allocation and
Utilization

5.1 Introduction

Basic concepts

Densification of the radio network infrastructure has been advocated as a potential
solution for meeting the rapidly increasing demand for data in future networks (a
projected 1000x increase in one decade) [43]. Essentially, by increasing the number
of network access nodes per square kilometre, the average distance between a user
and an access node is reduced. In addition, the integration of RATs and the ag-
gregation of CCs of a RAT within access nodes further densify the number of RA
resources per square kilometre. Multi-RAT dense network manifestations such as
ultra-dense networks (UDNs), which consist of an ultra dense deployment of lower
power pico access nodes, and heterogeneous small cell networks (HSNs), which are
HetNets with high-power macro access nodes and a dense deployment of low power
pico nodes, will provide a service area where a multiplicity of RAs will be available
to the users in close proximity. A massive densification of RAs will result in less
users per RA and, consequently, it will enable an increase of the average data rates
per user, and thus the network sum-rate.

In this final set of research studies, we extend our previous research work to
develop a framework for flexible RA allocation and utilization in heterogeneous
multi-radio dense networks. The suggested framework is derived by combining a
load balancing solution for the longer-term performance that includes power on/off
with ICIC and MRTD for short term performance. To this end, RA allocation
and utilization is herein realized by assuming that access node can be configured
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Figure 5.1: Multi-radio access allocation and utilization steps.

to operate in multiple frequency spectrum segments, where a spectrum segment is
a portion of a frequency band available at the access node. A spectrum segment
may denote a RAT component carrier (CC) (see e.g., SS1 and SS2 in Figure 5.1) or
the entire frequency carrier/band of a RAT (see e.g., SS3 and SS4 in Figure 5.1).
Within this context the pair access node and spectrum segment constitutes a radio
access (RA).

As illustrated in Figure 5.2, an envisaged method to increase a cellular network’s
capacity capitalizes a two-step resource allocation framework. The first allocation
step determines a network’s RAs i.e., it determines the spectrum segments and
the access nodes that users should associated with in order to optimize a suitable
performance criterion. Suitable criteria include, for instance, the network through-
put, the network energy consumption, or a combination thereof. Consequently, it
also determines which RAs should be in active (powered ON) or dormant (powered
OFF) state. The purposes of the first step of RA allocation is therefore to track
and adapt to slow changes in the radio environment, such as changes in the traffic
demand and traffic distribution, geographic migration of mobile users, etc. There-
fore, the first step of RA allocation may operate at longer time-scales, i.e., in the
order of hundreds of millisecond to seconds, minutes or longer, by utilizing long
time-scale operations. To this end, a feedback loop would provide the long-term
aggregate statistics related to the network status, such as user traffic demand and
distribution, average and aggregated data rates, user mobility etc.
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Figure 5.2: A framework of a radio access allocation and utilization for multi-radio
access.

The second step uses the user to RA associations from the fist step to determine
which RA(s) users may utilize at any time for their downlink transmissions and at
a faster-time scale, i.e., in the order of milliseconds. Therefore, the purpose of the
lower layer of allocation is to track and adapt to fast variations in the radio channel
due to fast fading effects or unexpected surge of traffic for very short periods. To
this end, a feedback loop is present between users and access nodes to report channel
quality indicators in time and frequency, users’ rate demand, users’ satisfaction, etc.
The allocation of resources at the access node level is therefore optimized to mitigate
the effect of fast-fading, to enforce fairness, to maximize the users’ throughput and
other performance metrics.

In alignment with the above framework, multi-RA allocation and utilisation is
decomposed into two sub-sequent problems: a multi-radio association problem, that
associates users with multiple RAs in the network, and a multi-radio selection prob-
lem that determines which RA(s) to be utilised at any time for the user downlink
transmissions. The first problem, which corresponds to the multi-RA allocation
step, is formulated as a long term network utility maximization problem where in-
dividual users determine the RAs to be associated with on the basis of the expected
data rates. The second problem, which addresses the multi-RA utilisation part, re-
flects a short term user throughput maximization problem where users select among
the associated RAs on the basis of the expected instantaneous data rate. The two
steps are depicted in Figure 5.2. In particular, the first step, focuses on the user to
RA association based on average traffic load. Here we extend user to access node
association solutions from prior art to allow connections to multiple RAs per user.
In the second step we utilise the multiple RA associations from step 1 to perform
RA selection based on short term channel conditions subject to the coherence time
of the fast fading component. The selection of the RA to transmit a user’s data is



84 CHAPTER 5. A FRAMEWORK FOR RADIO ACCESS ALLOCATION

performed on a per user basis based on instantaneous user rate estimation at each
RA associated with the user.

The two steps (cf. Figure 5.2) defining the objective of allocating RAs to users
provides the basic skeleton of the RA allocation framework. The suggested frame-
work aims at marrying long time scale solutions, such as RA load balancing, power
on/off, and static-ICIC, with short time scale solutions, such as MRTD. It has to
be noted that MRTD may apply to both long and short time scales depending on
whether the reselection rate is performed in tens of seconds and minutes or in mil-
liseconds. However, it has been already shown that access selection at a ‘fast’ pace
is generally better than ‘slow’ access selection because it exploits diversity in both
shadowing and multi-path fading. For this reason, MRTD will be treated henceforth
as a short time scale solution. In addition to MRTD schemes, when considering the
RA utilisation, the effect of a long term ICIC solution by means of various frequency
reuse schemes is studied. Similarly, the powering off of RAs and cells with no users
is performed by means of load balancing and is considered when solving the user
to RA association. Our combined solution is evaluated by means of simulations in
terms of user throughput, cell-edge user throughput as well as spectral and energy
efficiency.

Related work

In the longer time scales, RA to user assignment solutions include among others
loading balancing, ICIC, such as radio access node on/off techniques and frequency
reuse schemes, carrier based ICIC and, dual connectivity. With regards to load bal-
ancing and in the context of HetNets, Ye et al. [96] recognized that to significantly
increase the capacity of macro-cellular networks through the deployment of an un-
derlay small-cell layer, mobile users need to be steered toward more lightly loaded
network layers (e.g., pico and femtocells), even if they offer a lower SINR than the
macro-cell. To that end, the user to cell association is determined by optimizing a
function of the long-term user rates, i.e., by solving a network utility maximization
problem over all the SINRs and cell loads. This approach was then revisited by
Shen et al. [97] who proposed a price update method based on coordinate descent
in the dual domain, showing faster convergence. However, distributing traffic load
among cells leads to the activation of more cells, which in non-uniform and low
traffic loads show significant user rate improvements for the users in the cell-edges.
In the context of heterogeneous dense networks, activating more cells results in an
undesirable increase of the inter-cell interference and thus to a reduction of the spec-
tral efficiency. Mitigating interference over the long term is achieved by static ICIC
schemes which refer to the coordination of RA resource utilisation in frequency and
time among neighbouring cells [49, 81, 82]. For this reason, ICIC enhancements have
been introduced in 3GPP release 10 under the term enhanced ICIC (eICIC) [63, 98].
eICIC uses power, frequency and also time domain to mitigate intra-frequency in-
terference on both traffic and control channels in HetNets. This is performed by
means of almost blank subframes (ABS) which are subframes during which some
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cells are muted in order to reduce the interference to other cells [99, 100]. This form
of dynamic ICIC is particularly useful in HetNets, because if macro cells configure
some of the subframes as ABSs then users connected to pico cells can use them to
send their data without interference from the macro cells.

In the shorter time scale, MRTD can be seen as a conceptual extension of two
key enabling technologies within LTE-A, namely, Multiple Input Multiple Output
(MIMO) and Coordinated Multi-Point (CoMP) transmission and reception. Al-
though MIMO and CoMP are purely physical layer techniques that are restricted
to and used within a single RAT, they are relevant because they do also benefit
from and utilise channel diversity. MIMO is based on multiple antenna elements
at the transmitting and receiving ends which explore for instance spatial diversity
against fading on the radio channel. A sufficiently large inter-antenna distance sepa-
ration results in low correlation among the channels perceived by different antennas
and assist in improving system capacity and coverage. MIMO can implement spa-
tial multiplexing where multiple antennas at the transmitter and the receiver are
ordered to allow multiple parallel communication channels. This resembles par-
allel MRTD without redundancy and provides higher data rates within a limited
bandwidth [101, 102]. CoMP [103, 104] involves a set of techniques enabling joint
processing/transmission and dynamic point selection. Joint transmission implies
that data to a single user is simultaneously transmitted from multiple transmission
points, which aims at improving the received signal quality. Dynamic point selec-
tion is a form of CoMP where only one point at a time carry a user’s data in the
downlink. Switched MRTD actually encompasses dynamic point selection where the
user data is only transmitted via one RA as determined by the MPRS. In addition,
parallel MRTD with redundancy encompasses a form of joint transmission where
a user’s data are simultaneously transmitted via multiple RAs. This simultaneous
transmission may facilitate sophisticated forward error correction (FEC) mecha-
nisms over a range of different data transmission units [105], e.g., MAC PDUs, IP
packets etc. In [106] an integration of parallel MRTD with packet level FEC is
proposed to improve transmission efficiency.

In the more energy efficient case, frequency or time coordination may imply
the deactivation (i.e., switching off) of neighbouring cells and redistribution of users
among the remaining active cells [8]. In addition, providing users with flexible access
to radio spectrum bands requires increased integration of different carriers and/or
different RATs [107, 108]. The integration of carriers belonging to the same RAT is
performed at PHY-layer by means of carrier aggregation (CA). CA is used in order
to increase the bandwidth1, and thereby increase the user rate [110]. Various forms
of CA exist including intra-band and inter-band, aiming at improving flexibility to
the utilisation of the carriers [109]. Further flexibility can be envisaged when CA is
combined with interference coordination on a carrier resolution level. In one such

1In 3GPP LTE-A [109], each aggregated carrier, which is referred to as a component carrier
(CC), can have a bandwidth of 1.4, 3, 5, 10, 15 or 20 MHz and a maximum of five component
carriers can be aggregated, hence the maximum aggregated bandwidth is 100 MHz.
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solution, which is referred to as carrier-based ICIC, ANs can coordinate interference
by performing activation/deactivations of CCs based on the load and interference
on each CC [111, 112]. Dual connectivity utilize simultaneous connections to both
the macro-tier and the pico-tier for the transmission of the user data, either simul-
taneously or in a time division multiplexing manner (TDM) [57, 63, 113]. Assuming
devices that support multiple RAT standards [114], multi-RAT utilization can be
performed in terms of load balancing and dual connectivity between RATs [57].

Research objectives

In the context of a multi-RA dense networks where users may have access to multiple
RAs, the key questions pertinent to the two steps of suggested framework are (i)
how to associate users with the RAs so as to optimize network utilization,and (ii)
how to utilise the associated RAs per user so as to improve user throughput and
energy efficiency of the transmit power. Towards this end, the objectives of this
research study are to

• develop and evaluate algorithms that determine which access node and spec-
trum segment a user should be associated with in an ultra-dense network
(UDN) where user distribution is non-uniform, and

• develop an implementation of and evaluate MRTD and frequency reuse schemes,
i.e., ICIC, that determine which RA a user should utilise at any instance of
time in heterogeneous small cell networks (HSN) for both uniform and non-
uniform user distributions, and

• compare and evaluate how much each one of the above schemes and algorithms
contribute, both individually and in combination, to throughput and energy
performance.

The solutions for the association of users to RAs are evaluated in the context of
both UDN and HSN. Solutions for the utilisation of the associated RAs according
to MRTD and ICIC, are evaluated only in the context of HSN where interference is
severe and ICIC has a significant impact on network utilisation performance.

5.2 Distributed multi-radio access allocation

In this study [11] (cf. Paper 11) we consider the multi-RA allocation problem which
refers to the joint association of users with access nodes and spectrum bands (or,
equivalently, RATs) in UDNs. To this end, we generalize the framework of [96, 97] to
multi-RAT ultra-dense networks in a twofold way: we extend the user association,
hence load balancing, to the frequency domain; and we devise an optimization prob-
lem, and the related solution, that enable access nodes and/or spectrum segments
without traffic load to enter an idle/dormant state. An RA in dormant state is a
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Figure 5.3: Illustration of dynamic RA access based on traffic load. In this example
each access node supports two RATs, with RAT-1 using two spectrum segments
(e.g., two component carriers of LTE) and RAT-2 using one spectrum segment
(e.g., a frequency band of UMTS). The mobile user access the RA providing the
best service.

powered off RA. In particular, we extend the network utility maximization [96] to
jointly associate a user with access nodes and spectrum segments as

maximize
∑

i

∑

j

∑

s x
(s)
i,j ui,j(r

(s)
i,j )

subject to
∑

j

∑

s x
(s)
i,j ≤ 1 ∀ i,

ρ
(s)
j = ρ0 +

∑

i x
(s)
i,j ∀ j, s,

ρ
(s)
j ∈ [0, ρ

(s)
j,max] ∀ j, s,

x
(s)
i,j ∈ {0, 1} ∀ i, j, s,

(5.1)

where u(·) is a utility function characterizing the user’s satisfaction to communicate
with an average data rate r (cf. [115]), with u continuous and strictly concave, with
u → −∞ as r → 0+.

The constraint
∑

j

∑

s x
(s)
i,j ≤ 1 allows a user to be associated with only one RA

(cf. Figure 5.3); the second set of constraints defines the load per access node and
spectrum segment; while the third set of constraints limits the number of mobile

users that can be served per RA to a maximum of ρ
(s)
j,max. For dormant access nodes,
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the constraint ρ
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j = ρ0 +
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spectrum segment, becomes ρ
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j = ρ0. In [11], it is shown that for ρ0 → 0 a solution

to (5.1) becomes arbitrarily close to a solution of the problem with load defined
without the addition of a small load offset ρ0 for dormant access nodes.

We rewrite problem (5.1) by relaxing the integrality constraint on the vari-
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where the coefficients a
(s)
i,j = log(W

(s)
j c

(s)
i,j ) are readily available at the users upon

inter-frequency SINR measurements. Problem (5.2) has a continuous and twice
differentiable objective function with a convex feasibility set, thus an optimal so-
lution can be found via standard Lagrange duality theory. By applying Lagrange
duality, a distributed algorithm to jointly determine the association of access nodes
and spectrum segments with users has been devised. This algorithm is referred
to as dual-based spectrum access (DSA). DSA represents a solution of the traffic
load balancing problem across multiple spectrum segments that is completely dis-
tributed among users and access nodes. Given an initial set of Lagrange multipliers
λ indicating the offered load of each spectrum segment at each access node, the
users determine the preferred association to spectrum segments and access nodes so
as to maximize their average data rate and signal it to the access nodes. In turn,
given the preferred selection of the users, the access nodes determine an estimate of

the optimal load per spectrum segment ρ
(s)
j and an associated congestion measure

per spectrum segment λ
(s)
j that is broadcast to the user. Upon reception of the

access nodes’ load indication, each user determines the RA to use, by selecting the

spectrum segment with the largest weighted reward log(W
(s)
j c

(s)
i,j ) − λ

(s)
j for user i,

i.e. each user jointly determines an association to an access node and a spectrum
segment as

(j⋆, s⋆) = arg max
j,s

{log(W
(s)
j c

(s)
i,j ) − λ

(s)
j }, (5.3)

where c
(s)
i,j is the spectral efficiency achievable by RA (j, s) using the Shannon bound.

Leveraging this theoretical framework, we also propose an alternative distributed
heuristic association scheme which is referred to as load-based spectrum access
(LSA). As the name suggests, LSA exploits a measure of the traffic load for each
spectrum segment as an indication of the spectrum access congestion. In particular,
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the optimal solution for user i is to jointly select the pairs of access node and
spectrum segment (j⋆, s⋆) with the best reward, i.e.

(j⋆, s⋆) = arg max
j,s

{

W
(s)
j c

(s)
i,j /

ˆ
ρ

(s)
j

}

, (5.4)

where
ˆ

ρ
(s)
j denotes the expected traffic load at RA (j, s) as derived from the number

of association requests.

We validate our algorithms with numerical simulations and show that significant
gains can be achieved on top of the throughput gains typically brought by increased
network densification. The algorithms are evaluated against a reference scheme
in terms of network throughput, user rates and cell-edge user throughput. As a
baseline scenario we use a reference scheme which associates users with the access
nodes with the maximum SINR. Each access node in the network corresponds to
a pico node. The reference scheme is referred to as Max-SINR spectrum access
(Max-SINR) and is typical for the state of art cellular RATs such as UMTS and
LTE. Figure 5.4 summarizes the performance of the DSA and the LSA algorithms,
as compared to the baseline algorithm using max-SINR association criterion. In
terms of average network throughput (cf. Figure 5.4(a)), the improvements range
between 5% for low density (sparse) networks to 19% for high density (ultra-dense)
networks. These improvements are due to the redistribution of the users among the
spectrum segments which results in the activation of more spectrum segments in
the adjacent access nodes. The improvements achieved by our algorithms are even
more pronounced in terms of cell-edge user throughput (cf. Figure 5.4(b)). The
average cell-edge user rate gains over all drops range between 30% and 140% for
sparse and ultra-dense networks respectively. Notably, the gains obtained by our
algorithms are additional to those brought by the network densification, which are
typically high per se (hence difficult to improve further).

5.3 Multiple connectivity and radio access utilization

Based on our suggested framework, in [12] (cf. Paper 12) we extend our previous
study to realise and evaluate a solution that combines both the multi-RA allocation
and the multi-RA utilisation problem. As a solution to the first problem, we propose
a distributed dual-based spectrum access scheme that considers multi-connectivity,
i.e., it associates users with multiple RAs, whilst, the second problem is addressed by
means of different multi-radio transmit diversity while taking into account different
inter-cell interference coordination schemes. More specifically, for the association
of users to multiple RAs we reformulate the relaxed network utility maximization
problem (5.2) as follows
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(a) Average network throughput gains

(b) Average cell-edge user throughput gains

Figure 5.4: Algorithm evaluation for different network densities corresponding to
different number of low power (pico) access nodes per network area in the set of
{

22, 42, 62, 82, 102
}

. Spectrum segments without any user associations are deemed
as powered off and are not considered in the calculations of the throughput.
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where the constraint
∑

j

∑

s x
(s)
i,j = Ki allows a user to be simultaneously associated

with Ki RAs. All other constraints from (5.2) remain unchanged. Again, by ex-
ploiting Lagrange duality theory, the problem is solved in a distributed way among
users and access nodes. The users determine the preferred association to RAs so as
to maximize their average data rate and signal their preference to the pico nodes
operating the RAs. Pico nodes, in turn, determine an estimate of the optimal load

ρ
(s)
j and an associated congestion measure λ

(s)
j per RA, which is broadcast to the

user. Upon reception of the pico nodes’ load indication, each user determines up to
Ki RAs to use, not necessarily co-located at the same access node, by selecting the
set Ki of the best Ki pairs (j⋆

i , s⋆
i ) fulfilling
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In the second multi-RA utilisation step, the objective is to select among these
RAs, each being subject to Rayleigh fading over a time interval of multiple TTIs,
so that a user’s throughput is increased. In other words at each TTI t, each mobile
user i will select one or multiple instances among its Ki associated RAs in Ki from
step 1 depending on the MRTD scheme used. The selection of RA (j⋆

i , s⋆
i ) for a user

i is based on its expected instantaneous user throughput as follows

(j⋆
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}

∀ (j, s) ∈ Ki, (5.7)

where ρ̂
(s)
j (t) denotes an estimation of the instantaneous load expected in RA (j, s)

at time t, Ŵ
(s)
j is the available bandwidth of RA (j, s), and ĉ

(s)
i,j (t) is the spectral

efficiency at the tth time transmission interval achievable by using Shannon bound.
Compared to the first step where spectral efficiency considers only the effects of path

loss and shadowing, in this second step the achievable spectral efficiency ĉ
(s)
i,j (t) also

considers the effects of Rayleigh fading. The available bandwidth Ŵ
(s)
j of an RA

is determined by the spectrum division ratio Φ, which denotes the portion of the
spectrum used by the RA, and the frequency reuse F , which further splits the used
spectrum among the access nodes so as to decrease inter-RA interference. Generally,
for a spectrum segment s operated by access node j with spectrum division ratio of
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Φ and frequency reuse F , the size of the bandwidth of the corresponding RA (j, s)

that can be used in (5.7) is Ŵ
(s)
j = W

(s)
j Φ/F ∀ j, s.

A realisation of SMRTD implies that only one single RA among the Ki RAs will
be selected for each mobile user i, hence, increasing the load in that RA. Different
RAs (j⋆

i , s⋆
i ) ∈ Ki can be selected between a time instance t and the next for a

mobile user i as determined by the fast fading channel coefficient. On the opposite
side, the realisation of PMRTD does not imply that all associated RAs (j⋆

i , s⋆
i ) ∈ Ki

are selected for simultaneous transmission by a user i. If there are two RAs among
those associated with a user that are provided by two different access nodes in the
same spectrum segment, i.e., operating on the same frequency band/RAT, then the
one with the highest expected instantaneous user throughput is selected and the
user is removed from the load of the other. Assuming that each user can select only
G RAs among its associated RAs G ≤ Ki, then in radio networks where each access
node deploys S spectrum segments a user can select a maximum of G = S RAs
when utilising PMRTD.

Our two-step solution approach is evaluated in the context of HSN by means of
simulations for different network densities and user distribution scenarios. For ease
of reference, HSNs with 1,2, 4 and 10 pico nodes uniformly distributed per macro
cell - 21 macro-cells in total - are herewith referred to as lower-density, low-density,
medium-density, and higher-density respectively. As in the previous studies, with
regards to user distribution, the following two 3GPP scenarios from [63] are simu-
lated: the uniform distribution scenario, i.e., Configuration 1, and the non-uniform
(cluster) distribution scenario, i.e., Configuration 4. For comparison purposes the
total number of users is fixed and equal to 630 in all simulation scenarios. In Config-
uration 1, 30 users are dropped in the area of each macro cell. Pico node drops and
user drops are uncorrelated. In Configuration 4, 10 users are dropped in the cov-
erage of a macro-cell and the remaining 20 users are equally divided and dropped
within the coverage area of the pico cells within the macro cell. The correlation
of the pico node positions and the user locations forms user clusters, resembling
hotzones.

With respect to multi-RA association an optimized solution denoted multi-
connectivity duality-based spectrum access (MC-DSA) is compared to a reference
approach where mobile users are associated with RAs on a maximum SINR (Max-
SINR) basis. The optimisation is performed based on long-term average perfor-
mance metrics and effective RA aggregation. Effective RA aggregation in multi-RA
association step implies that the user throughput is the sum of the throughput of-
fered by all RAs which the user is associated with. Furthermore, for the calculation
of user throughput, universal frequency reuse across all the RAs is assumed. Fig-
ure 5.5 shows cell-edge user data rate of Configuration 4 and 1 for the reference
scheme ’Max-SINR‘ and the proposed duality-based user association algorithm,
’MC-DSA‘ for different number of RAs per user associations G = Ki, ∀i ∈ M.
In Configuration 4, the average cell-edge user rate gains range between 10% and
24% for lower-density networks, and between 52% and 110% for higher-density net-
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Figure 5.5: Cell-edge user data rate of Configuration 4 and 1 for the Max-SINR
based user association scheme ’Max-SINR‘ and the proposed duality-based user
association algorithm, ’MC-DSA‘ for different number of RAs per user.

works respectively. Notably, the lowest range of gains are sought when a user is
associated with only one RA and the highest when the users are associated with
2 RAs. Associating users to more than 2 RAs provide gains in the order of 10%
and 60% for lower-density and higher-density networks, respectively. Configuration
1 exhibits similar behaviour. The lowest range of gains are sought when a user is
associated with only one RA and the highest when the users are associated with 2
RAs. On average the cell-edge user rate gains are retained and do not exceed 20.5%
for lower-density networks, and 111% for higher-density networks.

In the multi-RA utilisation step we consider both Switched MRTD, ‘SMRTD’
and Parallel MRTD, ‘PMRTD’, and compare them to the reference scenario of in-
dependent RAs with no MRTD, ‘IMRTD’2. In IMRTD users select only one RA
already in the first TTI based on the average channel gain and the resulted spectral

efficiency ĉ
(s)
i,j (t) in (5.7) i.e., based on path loss and shadowing gains only. Fur-

thermore users are evenly distributed among RAs showing same channel gains. For
IMRTD, the RA selection made at the first TTI is kept for all subsequent TTIs
of that user and pico drop; whilst in SMRTD and PMRTD different RA selections
are performed from one TTI to the next based on the fast fading channel coeffi-
cient. With respect to the spectrum and frequency reuse distance three static-ICIC
schemes are considered: Reuse 1 − 1, where the entire available spectrum is used in
an 1-reuse manner by all nodes; Reuse 1/2 − 1/2 where 1/2 of the spectrum of each
RA is used by the macro nodes and 1/2 by the pico nodes in an 1-reuse manner;

2This scheme corresponds to the independent RAs scheme“IndRA” in Chapter 2.
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Figure 5.6: User rates of Configuration 4 and 1 for 2 and 4 RAs per user, different
spectrum and frequency reuse schemes and different MRTD schemes.

and Reuse 1/3 − 1 where each macro uses 1/3 of the available RA spectrum, while
the pico nodes share the entire RA spectrum with reuse 1.

Figure 5.6 shows user rates of configuration 4 for different network densities,
different MRTD, different reuse schemes and two different number of RAs associated
per user from. For all network densities, MRTD schemes perform better than the
reference scheme and demonstrate significant gains on top of those obtained by the
increasing network density. More specifically, in the case where 2 RAs are associated
per user, moving from a lower-density to a higher-density HSN implies significant
gains. The densification gains of IMRTD range between 82% for ‘1/2-1/2’ reuse, and
135% for ‘1/3-1’ reuse. The corresponding values of SMRTD are 132% and 208%,
and of PMRTD are 177% and 280% respectively. Although densification gains are
higher for PMRTD, SMRTD performs better in absolute user rate values in nearly
all HSN densities and when interference is rather high as in ‘1-1’ reuse. In fact the
gains over the IMRTD for low-density HSNs are limited to approximately 8% in the
case of PMRTD, while in the case of SMRTD gains of up to 35% can be reached by
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Figure 5.7: User rates of Configuration 1 for 2 and 4 RAs associated per user,
different spectrum and frequency reuse schemes and different MRTD schemes.

‘1-1’ reuse and 25% by ‘1/3-1’ reuse for the same density. PMRTD performs better
only in higher-density networks when the interference to the pico-tier is lower due to
the reuse scheme e.g., ‘1/3-1’ or ’1/2-1/2’. For instance, in ‘1/3-1’ reuse scheme the
gain of PMRTD over IMRTD is in the order of 66% for higher-density HSNs, which
is slightly higher both in terms of relative gains and absolute values as compared
to (the 59% gains of) SMRTD.

While the improvements for the IMRTD are significant as we move from a user
association of 2 RAs to 4 RAs, for the PMRTD and the SMRTD the changes are only
marginal in all reuse schemes. Although the improvements over the IMRTD remain
significant, the difference between SMRTD and PMRTD when a user is associated
with 4 RAs is practically diminished for higher-density HSNs. In particular, the
gains of PMRTD and SMRTD over IMRTD in higher-density HSN are between
33% and 37% for both ‘1/2-1/2’ and ‘1/3-1’ reuse schemes; while for ‘1-1’ reuse the
improvements of SMRTD and PMRTD reach up to 39% and 43%, respectively. In
general moving from 2 RAs to 4 RAs implies marginal losses in absolute values for
‘1/3-1’; mostly notable in higher-density HSNs when ‘1/3-1’ reuse is combined with
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Figure 5.8: Energy efficiency of Configuration 1 and 4 for 2 RAs and 4 RAs associ-
ated per user, different spectrum and frequency reuse schemes and different MRTD
schemes

PMRTD. This is due to that fact that selecting among 4 RAs per users increases
the number of RAs used at any time hence resulting in higher inter-RA interference
and consequently lower spectral efficiency.

Configuration 1 exhibits the same gains of SMRTD and PMRTD over the IM-
RTD as configuration 4. However, the densification gains of configuration 1 are sig-
nificantly higher since an increase of pico node density reduces the average distance
of users to pico node RAs. Densification gains of Configuration 1 are illustrated in
Figure 5.7 which shows maximum gains of 280% and 360% in case of 2 RAs per user
for SMRTD and PMRTD respectively. Furthermore, Figure 5.7 shows the contribu-
tion of the reuse schemes to the user rate performance and the gains over the ‘1-1’
reuse scheme for each MRTD scheme. Again, the ‘1/3-1’ reuse scheme performs
significantly better than both ‘1-1’ and ‘1/2-1/2’ in all MRTD schemes (including
IMRTD). In the case of PMRTD and higher-density HSNs, the gains of ‘1/3-1’ over
‘1-1’ are in the order 20% and 31% for 4 RAs and 2 RAs per user respectively; while
in the case of SMRTD the corresponding gains are 17% and 19%. On the opposite
side, ‘1/2-1/2’ is the lowest performing scheme with a maximum user rate loss of
18% over ‘1-1’ for lower-density HSNs. Although ‘1/2-1/2’ exhibits higher spectral
efficiency among the schemes its user rate losses are mainly due to its bandwidth
limitation.

Figure 5.8 shows the energy efficiency of the MRTD schemes, for different reuse
schemes and pico densities. For Configuration 4 both the case of 2 RAs per user
and 4 RAs per user are depicted; the latter is also shown for Configuration 1 for
comparison purposes. Generally, the following observations can be made. First,
energy efficiency increase as the density of the HSN increase. The most pronounced
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changes in energy efficiency can be sought in Configuration 1 with 4 RAs per user.
In particular, the ‘1/3-1’ reuse scheme combined with SMRTD shows an increase
in energy efficiency in the order of 182%. Second, the most energy efficient MRTD
scheme in terms of energy is SMRTD, followed by PMRTD and lastly by IMRTD.
The highest energy efficiency is achieved in Configuration 4 in higher-density HSNs
with 4 RAs per user when SMRTD and ‘1/3-1’ are combined. Third, the ‘1/3-1’
is the most energy efficient reuse scheme, followed by ‘1/2-1/2’ and lastly by ‘1-1’
reuse scheme. Finally, moving from 2 RA associations to 4 RA associations per
user also implies improvements in energy efficiency for some scheme combinations,
such as ‘1/3-1’ reuse with SMRTD. In some combinations the changes are marginal,
as for instance, in the case of ‘1-1’reuse schemes. The energy efficiency gains over
IMRTD in Configuration 4 range between 21% and 38% for SMRTD and 2.5% and
28% for PMRTD. Similar gains over IMRTD are also achieved in Configuration 1.

5.4 Summary

In this final research study, we have proposed a framework for the allocation and
utilisation of radio access resources in multi-RA dense networks. The framework
consists of two subsequent steps: a multi-radio association problem, that associates
users with a single or multiple RAs in the network, and a multi-radio selection
problem that determines which of the associated RA(s) to be used at any time for
the user downlink transmissions. The first problem is formulated and solved as a
long term network utility maximization problem where individual users determine
the RAs to be associated with on the basis of the expected data rates. To solve
the problem, we propose a distributed dual-based spectrum access scheme which
is a load balancing solution that facilitates multiple connectivity of users to RAs.
The second step reflects a short term user throughput maximization problem where
users select among the associated RAs on the basis of the expected instantaneous
data rate. RAs without users are switched off. The utilisation of the RAs for the
user data transmissions in the downlink is performed by means of different multi-
radio transmit diversity schemes while taking into account different frequency reuse
schemes.

Within the scope of our framework, the evaluation of MRTD and ICIC is ex-
tended to consider the assumptions imposed by the spectrum access sharing in
dense multi-RA networks. More specifically, the evaluation of MRTD is extended
to include the effects of spectrum access sharing and inter-RA interference within
and across network tiers. Similarly, the evaluation of ICIC is extended to consider
the effects of spectrum access sharing and MRTD. Consequently, the results of the
evaluation studies of MRTD and ICIC in this research work are complementary to
study results from previous chapters. In this study, our two-step solution approach
is evaluated by means of simulations in the context of UDN and HSN. The evalua-
tion of our solution to the first step, which is based on assumptions pertinent to a
UDN scenario, shows significant gains on top of the gains brought by network den-



98 CHAPTER 5. A FRAMEWORK FOR RADIO ACCESS ALLOCATION

sification. As we move from a low network density to high network density, gains
in the range of 12%-20% for average (long term) network throughput and 60%-
140% for cell-edge user throughput are sought for non-uniform user distribution
scenarios. Furthermore, our two-step solution demonstrates cell-edge user through-
put performance improvements that exceed 100% in high density HSNs when the
multi-connectivity dual-based spectrum access is employed. As compared to a sce-
nario without MRTD, the user rate and energy efficiency improvements of PMRTD
when combined with ‘1/3-1’ reuse scheme in high-density HSNs reach up to 69%
and 38% respectively. For lower-to-medium density HSNs, SMRTD when combined
with ‘1/3-1’ reuse scheme is the best performing combination with regards to user
rates and energy efficiency for both uniform and non-uniform (clustered) user dis-
tribution scenarios. When inter-cell interference is high as in the case of ‘1-1’ reuse,
SMRTD is overall the best performing scheme both in terms of user throughput
and energy efficiency.



Chapter 6

Conclusions and Future Work

6.1 Concluding summary

Meeting the expected traffic demands of future networks requires allocation of more
spectrum, efficient use of spectrum and efficient spatial reuse of radio access re-
sources. Efficient spatial reuse implies reducing the cell size, hence, densifying the
cell site grid. Densifying a network’s radio access resources can be done by utilising
resources from multiple-RATs and by deploying a massive number of small cells as
in ultra-dense networks and by introducing multiple cell tiers as in heterogeneous
and small cell networks. Essentially, by increasing the number of access nodes and
radio access resources per square meter, the average distance between an access
node and a mobile node is reduced. Furthermore, it is likely that less mobile nodes
are served per access node, hence, each user will utilise a larger bandwidth of radio
access resources. Both of these effects enable an increase of the average data rates
per user, and thus the network sum-rate. However, an implication of increasing
the number of deployed radio access resources and access nodes is that the energy
consumption and the inter-cell inter-tier interference also increase. Energy efficient
solutions require the deployment of small cells with the capability to switch on and
off on a need basis.

In this work, four different technical solutions have been studied and analysed
with respect to their performance in throughput, spectral efficiency and energy
efficiency performance: multi-access transmit diversity, interference coordination,
power on/off, and radio access load distribution for flexible spectrum access. For
the implementation of the technical solutions different algorithms have been devised
and their performance have been evaluated both individually and in combination
as part of a framework. Some general concluding remarks are as follows.

Multi-radio transmission diversity
MRTD is a technique that improves both spectral and energy efficiency. Spectral
efficiency is increased by exploiting diversity in multi-path fading, in the case of
collocated RAs, and both shadowing and multi-path fading, in the case of non-
collocated RAs. Mobile nodes located close to a base station experience high SINR,
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high throughput, and therefore high spectral efficiency. For these mobiles the gains
of MRTD are not of great significance. Mobiles at the cell-edge, however, suffer from
low SINR, low throughput and consequently low spectral efficiency. MRTD signif-
icantly improves the throughput for such mobile nodes. In addition, the increase
in spectral efficiency is a function of pico-cell location. Tight co-operation between
a number of non-collocated RAs is advantageous in pico-cell locations where pico
and macro-cells provide comparable supportable throughput. Typically, pico-cells
located at an intermediate distance between the macro-cell location and its cell
edge, define the most beneficial scenarios. In all other scenarios, MRTD across
either collocated macro-cell radio accesses or collocated pico-cell radio accesses is
the preferred option. In addition, given a limited number of retransmissions and by
supporting multi-radio ARQ, MRTD significantly reduces packet transmission delay
and packet loss for any value of offered load. In addition, it improves robustness
as the distance between macro-cell and the pico-cell increases. Finally, the impact
of channel quality indicator reporting delays on the performance of MRTD across
radio accesses is significant. Spectral efficiency gains almost disappear for delays
that are half the channel coherence time, thus rendering such a complex MRTD
mechanism redundant.

In summary, the greatest gains can be achieved by performing multi-radio trans-
mission diversity at short time scales. Here, one may exploit the variations in radio
channel quality over short time intervals to optimize the selection decisions. Multi-
radio transmission diversity at the short time scales is, however, accompanied by
extensive signalling.

Inter-cell interference coordination
In the context of cellular networks, ICIC schemes trade off user throughput with cell-
edge user throughput. Splitting the frequency bands between tiers turns frequency
resources orthogonal and results in better spectral efficiency. However, it results in
user throughput performance losses, because splitting the band limits the bandwidth
used by each user. Since in the downlink transmissions, interference depends on the
locations of the interfering and interfered nodes, splitting the band would restrict
reusing resources which otherwise are beneficial.

To improve cell edge throughput instead of splitting the band it is better to use
a static ICIC scheme. ICIC is particularly useful in non-uniform user distribution
scenarios. In such user scenarios, using more sophisticated adaptive ICIC schemes,
such as adaptive partial frequency reuse, APFR, and power suppression based on
path-loss statistics, PLPS, provide comparable user throughput performance as a
1-reuse scheme for the best users in the cell centres while it outperforms 1-reuse for
the worst users at the cell-edges. Also in terms of energy efficiency these schemes
turn out to be more energy efficient. Generally, it is also shown that the gains
achieved by a distributed solution, such as the PLPS, can reach comparable levels
compared to a centralised approach, such as the APFR, at the cost of increasing
the signalling overhead.
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Power on-off of radio accesses
Significant energy reduction gains can be achieved by switching off cells while pre-
serving or in some scenarios even improving cell edge user throughput due to in-
terference reduction. To this end, cell on/off is an effective interference elimination
scheme. Better energy efficiency can be achieved in configurations where user and
pico positions correlate i.e., in non-uniform (clustered) user distributions. In more
uniform user distributions, where distribution of users and picos is uncorrelated the
energy consumption rate is higher and it decreases as the density of pico cells per
macro increases and user throughput improves. Furthermore the energy reduction
gain potential increases as the density of pico cells per macro cell increases. In other
words, the required energy per transmitted bit decreases as the density of pico cells
per macro increases. In these configurations significant reductions in energy con-
sumption are gained by switching off macro cells. Generally, when the pico density
increases the number of powered-on macro cells decreases while the number of pico
cells switched on increases, i.e. more traffic is carried by the pico cells where the
energy consumption is lower. Finally, better solutions are sought as we move from a
distributed solution that is based on local knowledge to a more centralised solution
that utilise global network knowledge.

Radio access load balancing
Load balancing algorithms for spectrum access can achieve significant gains on top
of the gains brought by network densification, both in the context of ultra-dense
networks and heterogeneous small cell networks. The gains are more pronounced in
the case where users are non-uniformly distributed in clusters regardless of whether
pico cells and user clusters are collocated. In the case of ultra-dense networks,
gains both in terms of network throughput and cell edge throughput have been
demonstrated. While network throughput gains are significant, cell-edge through-
put gains are major, since spectrum access algorithms result in the redirection of
cell edge users to pico cells with lower load. In heterogeneous small cell networks
the cell edge throughputs gains are again fairly large to a comparably minor loss in
user throughput. The devised algorithms are performed by small cells and mobile
nodes in a distributed manner.

Framework of multi-RA allocation and utilisation and overall conclusion
Based on the contribution of the technical approaches to throughput/spectral effi-
ciency and energy efficiency improvements we derived a framework where the dif-
ferent solution are combined in two steps that are performed sequentially. The first
step, performs the long time scale operation of the RA to user association based
on average traffic load. In this step we exploit Lagrange duality theory to devise
algorithms that associates UEs to multiple RAs, while enabling RAs with no traffic
to be powered off. In the second step we use the multiple RA associations from step
1 to perform RA dynamic selection based on the expected instantaneous user rate
at that RA by means of MRTD, while considering the effect of frequency reuse ICIC
schemes. The evaluation of the framework in the context of heterogeneous small
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cell networks demonstrates that the gains that can be achieved by combining the
different technical solutions are cumulative. The gains are more pronounced in the
scenarios where the density of the radio access resources is high and build on top
of the gains obtained due to network densification. The utilisation of a frequency
reuse scheme in conjunction with load balancing, which forces users to pico tier,
and power on off, which reduces interference to pico nodes, is a better approach as
compared to a 1-reuse scheme approach or an approach that splits the band between
the macro-tier and the pico-tier.

SMRTD is better than PMRTD for low and medium density networks, as it
introduces lower load to the RAs and overall lower interference, while it benefits
from the diversity gains. PMRTD is better in networks of very high radio access
resource density where users have access to more bandwidth at a closer distance.
As compared to a scenario without MRTD, the user rate and energy efficiency im-
provements of PMRTD when combined with a frequency reuse scheme at the macro
tier in high-density HSNs reach up to their highest values respectively. For lower-
to-medium density HSNs, SMRTD when combined with a frequency reuse scheme
is the best performing combination with regards to user rates and energy efficiency
for both uniform and non-uniform (clustered) user distribution scenarios. When
inter-cell interference is high as in the case of universal reuse(1-reuse), SMRTD is
overall the best performing scheme both in terms of user throughput and energy
efficiency. The fact that the gains of PMRTD over SMRTD in high density HSNs
are only marginal, turns SMRTD in combination with a frequency reuse scheme to
be the recommended approach, especially, when ideal back-haul is assumed. In the
case of non-ideal back-haul, the signalling cost in terms of overhead and energy has
to be considered when MRTD schemes are utilised.

6.2 Future directions

The research work of this thesis explored the feasibility of a broad scope of tech-
niques under simplifying assumptions. Although the research studies provide a solid
basis to understand the scenarios where these techniques would be useful, there are
other research directions pertinent to future networks that remain to be explored.

Channel quality information ageing is a significant factor for performance degra-
dation in MRTD. Furthermore, a distributed solution of the MRTD as suggested in
this research work would perform up to its potential if ideal back-haul is assumed.
Since ideal back-haul can not be always assumed, the performance of MRTD is ex-
pected to be suboptimal. To have a complete knowledge about user’s channel qual-
ity would require users to regularly send beacons to the network nodes. Assuming
channel reciprocity, these beacons can be used to estimate the channel quality. Such
a mechanism would add to the signalling and turn the trade-off between signalling
overhead and achieved throughput to an interesting direction of future research.

Furthermore, a combination of ICIC with power on-off and multiple carrier op-
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eration opens up for the development of carrier-based ICIC and flexible access util-
isation solutions. To this end, carriers can be dynamically assigned to access nodes
and utilised depending on the traffic load. Here both distributed and centralised
assignment can be envisaged. A distributed solution for the assignment of carriers
to access nodes would require inter-access node coordination and is associated with
significant overhead. It is expected that signalling overhead grows rapidly as the
number of ANs and carriers increases, for instance in the ultra-dense network de-
ployments. Therefore, for the ultra-dense networks a two-level hierarchical resource
allocation is envisaged where the two steps suggested in our framework are inher-
ently integrated. The optimisation of the first level, which corresponds to the first
step of our framework, is performed by a central controller node which determines
the carriers and maximum transmission power each node should operate at. Such
a carrier selection process should consider the density of carrier resources and map
it to the user demands. Considering the density would turn the central controller
into a a network (resource density) scheduler. Therefore, a natural extension to
this work is the integration of the two levels based on feedback mechanisms that
will allow timely adaptation to load variations and the density of available carrier
resources at operation. An integrated approach that develops further the above
hierarchical resource allocation concept would be an interesting direction for future
ultra dense radio access networks.

Another extension to the scope of the first resource allocation level is to explicitly
formulate a multi-RAT association problem, where a user device with multi-RF
capability can simultaneously operate in multiple RATs, as well as the case of single-
RAT association with spectrum access enabling coordinated multi-point (CoMP)
operation and carrier aggregation. For the flexible access utilisation, the solution of
the relaxed network utilisation problem is sub-optimal. In future work the problem
will be solved so as the number of radio resources assigned to a mobile is limited
rather than fixed. The convergence of the algorithm is left for future work along
with an analysis of the number of information exchanges a user may have before
latching on to a radio access. That is, how often each user has to re-iterate its
earlier selection of a radio access before the user obtains better performance. In
addition, even though it is customary to do this linear programming relaxation, it
would be of interest to investigate the difference in performance between solving the
relaxed problem and solving the problem without relaxation by using mixed-integer
programming.
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