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Abstract

Mobile communications technologies are aiming at responding to the growing demand for higher
connectivity. Performance of recent 3G and 4G systems, UMTS/HSPA+ and LTE, is evaluated
regarding the number of users. LTE measurements were taken and system implementation features
analysed. A simulator for UMTS and LTE was built based on the results, considering both single- and
multi-user scenarios. DL average throughputs of 40 Mbps and 69 Mbps, for UMTS and LTE, are
obtained for single-user. Interference coordination and additionally higher order MIMO in LTE increase
data rates by factors up to 1.39 and 2.31. Rising average throughput ratio between UMTS and LTE is
proved to follow a logarithmic law with the number of users in DL. In UL, average data rates of
11 Mbps and 68 Mbps, for UMTS and LTE, are observed for one user. Interference coordination
provides gains up to a factor of 1.5. Approximately stable UMTS to LTE gains are obtained for more
than 5 users. Higher data rate variations were measured across the cell in LTE compared to UMTS,
for UL and DL. Apart from very particular scenarios, LTE provides for the best UL and DL coverage in

the typical multi-user scenarios studied, across all environments.
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Resumo

As comunicag¢des moveis enfrentam actualmente a exigéncia de maior conectividade. Nesse sentido
é feita uma andlise de performance dos sistemas 3G e 4G, UMTS/HSPA+ e LTE, em ambiente multi-
utilizador. Efectuaram-se medidas de LTE e analisaram-se caracteristicas de implementacéo. Foi
construido um simulador com base nos resultados, para os cenarios mono- e multi-utilizador.
Obtiveram-se débitos binarios médios de 40 Mbps e 69 Mbps, para UMTS e LTE, para um utilizador
no DL. O recurso a coordenacdo de interferéncia e adicionalmente a configuracdes avancadas de
MIMO aumenta os débitos por factores de até 1.39 e 2.31. Prova-se que 0s racios de débito médio
entre UMTS e LTE seguem uma lei logaritmica com o numero de utilizadores. No UL, medem-se
débitos médios de 11 Mbps e 68 Mbps, em UMTS e LTE, apesar do uso de coordenacdo de
interferéncia em LTE permitir ganhos de até 1.5. Sdo medidos ganhos aproximadamente constantes
de UMTS para LTE para mais de 5 utilizadores em UL. E medida uma maior variacdo de débito ao
longo da célula em LTE do que em UMTS, para UL e DL. A parte de cenarios muito particulares, o
LTE oferece ainda uma melhor cobertura nos cenérios tipicos de multi-utilizador, para qualquer

ambiente.
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Chapter 1

Introduction

The present chapter introduces the theme of this dissertation, in particular, over a contextual and
motivational perspective, while simultaneously providing an overview of the assumptions established
for the work development. Furthermore, it establishes the scope for the work performed together with

its main contributions, foll owed by t he detail ed prtesent ati o




1.1 Overview

Mobile communications have known, in recent years, great technological developments that have had
important social and economical impacts. No matter where, how old or for what cost, societies in
general have been eager to be part of the emerging highly connected information world. The demand
for an always on connection to Web services and personal communications services has supported
the development of broadband connection services. Particularly, for cellular systems in Europe, this is
directly reflected in a huge appetite for mobile broadband capable systems, namely the Universal
Mobile Communications Systems (UMTS), in its latest High Speed Packet Access Evolved (HSPA+)
version, marketed as a 3" Generation (3G) technology, and the Long Term Evolution (LTE) system,
marketed as a 4™ Generation (4G) one, Figure 1.1. Whi |l e UMTS6s initial heel ease
year 2000, LTE was standardised in 2007, both by the 3" Generation Partnership Project (3GPP), and
initial standards for LTE Advanced have been later introduced in 2010.

3GPP Releases 0

Release 10: LTE Advanced trwe 4G
Release 9: SAE Enhancement, VWiIMAXLTE/UMTS Interop
Release 8: LTE & SAE introduction; common IMS

Release 7: HSPA+ and IMS Evolutions

Release 6: HSUPA, MBNS, WLAN Interworking

Release 5: HSDPA and IMS Introduction

ase 4. BICN (Bearer Independent Core Network)

2000 = 3 Inttial 3G UMTS release

Figure 1.1. 3GPP& mobile communications systems feleases (extracted from [Moto09]).

As for HSPA+, specified in 2006 in 3 G P PRekease 7, it is the natural upgrade from the High Speed
Packet Access (HSPA), providing backward compatibility with all former UMTS evolutions. Based on
Wideband Code Division Multiple Access (WCDMA), it supports both data and voice services.
Enhanced features include optimal performance for single and aggregated 5 MHz carriers, while it
also enables Multiple Input Multiple Output (MIMO) schemes for data rate improvements, currently

allowing for a theoretical maximum of 42 Mbps in Downlink (DL), and 11.5 Mbps in Uplink (UL).

In LTE, specified in 3 G P PRekease 8 in 2008, significantly different technologies are employed, both




in the air interface and core network, aiming at bringing higher spectral efficiency and the network
closer to the world of Internet Protocol (IP). LTE uses Orthogonal Frequency Division Multiplexing
(OFDM) for radio access, together with more advanced MIMO schemes, providing for theoretical

maximum data rates of 326 Mbps and 86 Mbps, for DL and UL, respectively.

Performance and usability of mobile handsets has improved together with a wide adoption of 3G
dongles. As a consequence, mobile data traffic has been increasing exponentially, Figure 1.2-a), and
the number of subscribers continues to grown considerably, as well as usage rates. The emergence of
new applications, such as Multimedia Online Gaming (MMOG), Web 2.0 and Video Streaming, is in
many cases responsible for this unprecedented increase. All together, a growing traffic placed on 3G
networks is bringing significant network congestion in urban areas, and many operators are reporting
that a significant portion of their cell sites are already running over capacity, despite having enabled all
their UMTS carriers, [Moto09].

Simultaneously, as data services are following a growth curve similar to the one seen for wire line
data, the average revenue per user is falling almost as rapidly, Figure 1.2-b). Thus, wireless network

operators in virtually every market have been analysing the need to change the way they deliver

services.
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(a) Global mobile data traffic growth per (b) Traffic growth versus revenue in
year (adapted from [Cisc11]). mobile communications ([Open10]).

Figure 1.2. Trends on the evolution of the telecom market.

Once an operator has deployed all of its UMTS carriers, it is faced with the need to provide additional
capacity, which can only be achieved by adding more cells sites or by means of an LTE network
overlay. Many operators have been lead to deploy LTE to meet the needs of the wireless broadband
mass market, and allow for bandwidth-hungry applications to be supported cost effectively with better
user experience. A solution could be to initially promote LTE for the heaviest data users, e.g., laptop
subscribers, relieving the congestion on the 3G network for lighter users, e.g., smartphone

subscribers, Figure 1.3.




According to the study case by [Moto09], this strategy would allow to deliver mass market wireless
broadband, minimise proliferation of cell sites, and enhance consumer experience by relieving
congestion, while further leveraging high performance LTE for early adopters. Higher data rates, flat
rate tariff and continually improving coverage are thus perfectly reachable, i.e., by initially adopting the

high capacity LTE in addition to an HSPA network.

Furthermore, it is expected that LTE capacity and lower cost per bit allow for high quality video
streaming on any type of mobile devices. Mobile operators with fixed line broadband networks that are
already offering Television over IP (IPTV) like services will also be able to leverage these assets on
LTE. Rich media solutions connected to the LTE core network will give operators the ability to
converge broadcasting, video on demand, innovative applications and advertisements solutions into

their LTE service, and hence provide the opportunity for faster investment recovery.

With the envisaged throughput and latency targets complemented by an emphasis on simplicity,
spectrum flexibility, added capacity and lower cost per bit, LTE is destined to provide a greatly
improved user experience. Furthermore it is expected to deliver new revenue generating mobile
services that will excite users and help operators drive competitive advantage and benefit their mobile

broadband services profitability.

515
300
122
60
24
Smartphone Handheld gaming Tablet Mobile phone Laptop
console projector

Figure 1.3. Mobile device data traffic multiplier, based on data equivalents of monthly feature phone
traffic (adapted from [Cisc11]).

Faced with the described market trends and the current economical situation, Portuguese operators
have been carefully analysing the new opportunities generated by the system, together with the first
tests on recently installed LTE clusters. In most cases, operators have recently deployed
UMTS/HSPA+ and in some cases even double carrier HSPA+. However, the settlement of a new
system architecture and network planning is still required in the near future, and should prove to be

worthwhile frowewpome operatorso

Real data rate performance gains over the average system cell are thus of great interest to the
operator, in order to provide sustainable decision on the migration. Preparing the network to meet the
growing subscribers @&unger for bandwidth demands a strategic and focused approach, and only by
making careful, wel-p| anned choices in next generation technol oc

increasingly competitive market.




1.2 Motivation and Contents

The main scope of this thesis is to compare two systems: UMTS/HSPA+ and LTE. As LTE looks for its
place as the successor to UMTS, an analysis of
environment, channel, cell load and coverage for different services is determinant for migration
analysis. Therefore, the aim of the analysis is to study, for both DL and UL, capacity and coverage

aspects, taking data rate gains as a reference.

The main contribution of this thesis is the development of a model for two different analysis: one to
evaluate maximum data rates obtained, allowing for computing data rate gains from UMTS/HSPA+ to
LTE, and the other to analyse maximum cell range, providing the use of a given service. Supported by
measurements performed in a live LTE network, one can have a very good comparison of the two

technologies at stake.

For work development, a partnership was established with Optimus, a Portuguese mobile operator.
The collaboration had the important role of providing assistance on several technical details and

insights on the technologies, as well as supportingtheme as ur ement s campai gn

The present thesis is composed of 5 chapters, including the present one. Chapter 2 presents an
introduction to UMTS/HSPA+ and LTE. UMTS basic concepts are overviewed, and key features of the
releases under study emphasised. Particularly, radio interface measurement grades are out looked,
regarding coverage and capacity. A similar analysis follows then, for LTE, in a subsequent section. At
the end, a full side by side comparison of the two systems is presented, enhancing key strengths and

weaknesses of the two systems, followed by an overview of the current state of the art on the topic.

Chapter 3 introduces the developed models used for simulation. The single cell model is explained, for

both single- and multi-user scenarios, for analysis over different channel, environment, cell load and

the sy

perfor

service coverage scenarios. UMTS and LTE systems6 modul es ad®evel opec

described together with the propagation and channel simulation modules. The simulator assessment
is presented at the end.

In Chapter 4, LTEme asur ement s 8 agindle-usdr rasults are taleem utnder an exhaustive
analysis, where the influence of varying environment, channel and cell load is mainly considered.
Finally the full comparison with capacity and coverage results for UMTS/HSPA+ is done, for a multi-

user scenario, and for both DL and UL.

Chapter 5 concludes the present dissertation, where a critical analysis is drawn followed by the main
work conclusions. Furthermore, suggestions for future work are outlined and paths for further research
on next generation mobile communicationsé s o | ard enlightesed. Finally, a set of annexes closes
the present document, with supplementary information, when the need for the global comprehension

of the problem exists.







Chapter 2

Basic Concepts

This chapter provides an overview of UMTS, focusing on system architecture, radio interface,
coverage and capacity, and general performance. In the following the LTE system is analysed in a
similar way, drawing comparisons with UMTS. Finally, a brief comparison between the two systems is
drawn and state of the art on the subject presented.




2.1 UMTS

This section overviews the fundamental concepts regarding UMTS in its most recent form. First, the
system architecture is presented, together with its main elements. A brief description of the radio
interface follows, basic concepts of coverage and capacity are overviewed, and finally a performance
analysis is drawn. This section is based on [HoTo07] and [3GPP10a].

2.1.1 Network Architecture

UMTSO snetwork architecture, Figure 2.1 was first def i ned i n 3 GP,PrénwininRel ease9
unchanged in later releases. It consists of a number of network elements that can be grouped into

three sub-networks: Us er 6 s Equi pPMISTerresfridl Radio Access Network (UTRAN) and

Core Network (CN).

Node B
b RNC [Iu-— “\"/fg" —{GMSC|—{ PS Networks
USIM Node B \ /
| \/
Clu Uu lur Iu i HLR
ME A
Node B LA
lUb) RNC | Iu-|SGSN — GGSN|{ CS Networks
Node B
UE UTRAN | CN _External networks

Figure 2.1. UMTS network architecture (adapted from [HoTo07]).

The UE is composed by the UMTS Subscriber Identity Mobile (USIM), and by the Mobile Equipment
(ME) or Mobile Terminal (MT), connected through the Cu interface. The USIM contains user-specific
information and an authentication key used in access to the network. The ME is the UMTS terminal,
which incorporates the protocol stack of the radio interface, as well as the operating elements for the

user interface.

The UTRAN encapsulates all tasks connected with transmission of information over radio, and
consists of the Node Bs (NBs), the Base Stations (BSs), and the Radio Network Controller (RNC). The
Node B converts the data flow between the lub and Uu interfaces, dealing with the radio channels and
the RNC that owns and controls the radio resources in its domain, connecting to the NB and also to

the CN through the lu interface. RNCs are connected through the lur interface.

The UMTS CN is based on the GSM network, providing the switching, routing, transport and database

functions for user traffic. The CN contains Circuit-Switched (CS) elements such as: the Mobile




Switching Centre (MSC), a central switching node of the CS domain of the CN, responsible for
switching the CS transactions, namely voice; and the Gateway MSC (GMSC), a switch on the
connection between the CN and the external CS networks. Regarding Packet-Switched (PS) elements
it includes: the Serving General Packet Radio Service (GPRS) Support Node (SGSN), a central
switching node of the PS domain in the CN, responsible for the delivery of data packets from and to
the BSs; and the Gateway GPRS Support Node (GGSN), a switch with functionality close to that of
GMSC, but connecting the CN to the external PS networks.

Furthermore, two elements exist that are both CS and PS based: theHome Location Register (HLR), a
database located intheusers6 home system t s@t s s praiies smich ashassociatede r
authorisations and keys in a connection; and the Visitor Location Register (VLR), a distributed
database that saves temporary information about the active users in the geographical area allocated
to it, preventing the central database to be interrogated for all the subscriber information each time a

new subscriber roams into a location area.

2.1.2 Radio Interface

UMTS6s WCDMA radi o i nt erSeguenee Code Dibisios ®udltiple Accessi(DSe c t
CDMA), a spread spectrum air interface, with a chip rate of 3.84 Mcps leading to a radio channel of

4.4 MHz and separation of 5 MHz. This access method allows for very high and variable bandwidths,

low delay, smooth mobility for voice and packet data and inter-working with existing GSM/GPRS
networks. As defined in [3GPP10a], i n 3 GP P 6 s 99,Rieel frequeney bands for Europe are
[1920, 1980] MHz for UL and [2110, 2170] MHz for DL.

In UMTS, two types of codes are used for spreading and WCDMA multiple access: channelisation and
scrambling, [Corr08]. Channelisation codes are used in DL for UE separation, whilst in UL they
distinguish between physical data and control channels. The sequence of chips is multiplied by the
user 6s i nf o riating toiaospreading $astar the use of an Orthogonal Variable Spreading
Factor (OVSF) code, and obtaining a wide spectrum signal. Codes allow to maintain orthogonality
between them and to vary the Spreading Factor (SF). Scrambling is used on top of spreading, so it

does not change the signal bandwidth, and enables sector separation in DL, and UE separation in UL.

UMTS also provides for power management and soft and softer handovers. Power management is
achieved using closed loop power control in both UL, to avoid using excessive power and increasing
interference, and DL, taking in account a margin of the cell limits, and using outer loop power control
to dynamically adjust the Signal-to-Interference-Ratio (SIR), saving in system capacity. Soft and softer
Handovers (HOs) take place in a user transition between cells or sectors of a cell, respectively,

allowing for the combining of the received user signal in the RNC or BS, respectively.

High Speed Downlink Packet Access (HSDPA) and High Speed Uplink Packet Access (HSUPA),
together known as HSPA, are evoluti on se99 being3defin€ddirs RelRasd 5eamd
Release 6, respectively. With HSDPA, scheduling control and link adaptation based on physical layer
retransmissions were moved from the RNC to the BS, guaranteeing fast link adaptation and fast

channel-dependent scheduling, [HoTo09]. Furthermore, the duration of the transmission, named




Transmission Time Interval (TTI), is defined to be 2 ms to achieve a short round-trip delay for the

operation between UE and BS for retransmissions, [HoTo07].

For user data transmission, a fixed SF of 16 is specified for HSDPA, as 15 channelisation codes are
available per UE in the High-Speed Physical Downlink Shared Channel (HS-PDSCH), and the last
channelisation code is reserved for the High-Speed Shared Control Channel (HS-SCCH). HSUPA also
introduces new channels for scheduling and retransmission control, as well as for data transmission;

for further information refer to [HoTo06].

HSDPA does not support soft handover or fast power control. Release 6 initially defines that, in case
of good channel conditions, the use of 16 Quadrature Amplitude Modulation (QAM) for HSDPA is
possible, and also that a Hybrid Automatic Repeat Request (HARQ) with soft combining scheme is
used, meaning that the UEs store data from previous transmissions to enable joint decoding of
retransmissions. While in the DL BSs can be asynchronous and sequence numbering is necessary,

the HARQ used in HSUPA is fully synchronous and also operating in soft handover.

HSPA evolution, also known as HSPA+, is defined in Release 7, further extended in Releases 8 and
9, and is targeted to improve end user performance by lower latency, lower power consumption, and
higher data rates along with including inter-working features with LTE. In line with the greater use of
UMTS/HSPA for packet data transmission, HSPA+ mainly introduces:

1 Higher Order Modulation (HOM) and MIMO.

1 Advanced G-Rake receivers.

1 Superior interference cancellation techniques.

1 Multi-Carrier HSDPA and Dual-Carrier HSUPA.

1 Layer 2 optimisation

)l

Flat Architecture.

In theory, a number of ways exist to push the peak data rate higher: increase the bandwidth used,
adopt HOM schemes or use multi-stream MIMO transmission. HOM was included in Release 7,
specifying the modulation schemes of 16QAM for UL and 64QAM for DL, and MIMO in the DL was
also included. Considering that the rate doubles from Quadrature Phase Shift Keying (QPSK) to
16QAM and increases by 50% from 16QAM to 64QAM, and that an increase of 6 dB in Signal-to-
Interference-plus-Noise Ratio (SINR) is required for each transition, one can conclude that HOMs can

be used only in favourable channel conditions.

Further resorting to MIMO, i.e., the use of multiple antennas and spatial multiplexing to receive
multiple transport blocks in parallel, provides for a linear increase of the theoretical peak data rates
with the number of transmitted data streams. Exploiting multipath MIMO allows also for improving link
reliability and achieving higher spectral efficiency, all without consuming extra radio frequency. The
3GPP MIMO concept for HSPA+ uses two transmit antennas in the BS and two receive antennas in
the MT, and uses a closed loop feedback from the MT for adjusting the transmit antenna weighting.
The preferred antenna weights are delivered from UE to NB on a High-Speed Dedicated Physical
Control Channel (HS-DPCCH) together with Channel Quality Information (CQI), and the information

10



on used antenna weights in DL is signalled on HS-SCCH.

As shown in Figure 2.2, the peak bit rate with 64QAM is 21.1 Mbps, rising to 28.0 Mbps with MIMO,
whereas using 64QAM and MIMO together provide a rise from 14Mbps to 42 Mbps, [HoTo09]. The
16QAM capability in UL enables to push the peak bit rate to 11.5 Mbps, although MIMO is not used in
this link, mainly because it obliges the UE to have two power amplifiers. In DL, HOM helps to improve
the spectral efficiency because there is a limited number of orthogonal resources. The same is not
true for UL, since there is a large availability of codes. Thus, in UL, using 16QAM is a peak data

feature and not a capacity feature.

Throughput (Mbps)
45

— 2 x 2, MIMO, 64QAM
==== 2x2, MIMO, 16QAM
— 1 x 2, 64QAM
35 ==== 1x2, 16QAM
1x 1, 64QAM
==== 1x1, 16QAM
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30

___________
.

25

Throughput (Mbps)
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(a) DL achievable throughputs regarding HOM (b) UL achievable throughputs
schemes and MIMO configurations. regarding HOM schemes.

Figure 2.2. Ninetieth percentile throughput as a function of Signal-to-Noise-Ratio (SNR) in Pedestrian
A-channel (extracted from [BEGGO08]) and Throughput as a function of Oj 0 in Pedestrian A channel
(extracted from [PWSTO7]).

Moreover, MTs and BSs requirements are constantly being improved to raise system performance. As
Release 6 introduced the use of receive diversity antennas (two antenna Rake receiver type 1) and
one-antenna linear equaliser (type 2), Release 7 also introduced a combination of linear equalisers
with receive diversity antenna (type 3), based on a two-antenna chip-level equaliser [HoTo07]. The
enhanced terminal receivers improve the single-user data rates and together with all other Release 7
features the cell capacity is nearly doubled compared with Release 6. Release 8 brings also an

advanced receiver, with inter-cell interference cancellation support.

Multi-Carrier HSDPA and Dual-Carrier HSUPA capabilities are introduced in HSPA+, respectively in
Release 10, [3GPP10b], and Release 9, [Seid09]. Taking the combination of two or four carriers
instead of one, Multi-Carrier HSDPA allows user data rate to be easily doubled or quadrupled mostly
when the loading is low, [JBGB09]. The BS can optimise the transmission based on CQI reporting,
similarly as in MIMO closed loop feedback for antenna weighting. As for Dual-Carrier HSUPA, a more
limited set of scenarios is defined for its use, combining two adjacent carriers for transmission of UL

physical channels and Dedicated Physical Control Channel (DPCCH) [Seid09].

Although both Dual-Carrier HSDPA and MIMO solutions are targeted to boost data rates, and can
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provide the same peak rate of 42 Mbps with 64QAM modulation, MIMO can improve spectral
efficiency due to two antenna transmission, while the Dual-Carrier HSDPA brings some improvement
to the high loaded case with frequency domain scheduling and a larger trunking gain. Also, whilst the
Dual-Carrier solution improvement is available over the whole cell area equally, MIMO only improves

the data rates mostly close to the Node B, where dual stream transmission is feasible.

This analysis is summarised in Table 2.1, where it is also highlighted that Dual-Carrier can be
implemented with a single 10 MHz power amplifier per sector, while MIMO requires two separate
power amplifiers, besides the additional Radio Frequency (RF) equipment. This suggests that Dual-
Carrier HSDPA makes it easier to upgrade the network.

Table 2.1. Benchmarking of Dual carrier HSDPA and MIMO (adapted from [HoTo09]).

Feature \ Technique Dual Carrier MIMO (2 2)
Peak bit rate [Mbps] 42 42
Spectral efficiency 20 (frequency domain scheduling 10 (two antenna transmissions)
improvement [%] and larger trunking gain)
Data rate gain Similar gain over the whole cell area Largest gain close to Node B
Node B Amplifiers Single power amplifier per sector Two power amplifiers per sector
UE RF requirements | Possible with one antenna terminal Two antennas required

HSPA+ brings the theoretical peak data rates per carrier up to 42 Mbps in DL and 11.5 Mbps in UL,
together with improvements in capacity, coverage, latency times and spectral efficiency. A comparison

between HSPA+ main features in DL and UL is presented in Table 2.2.

Table 2.2. Feature comparison of the HSPA+ achievements in DL and UL directions.

Feature \ Protocol Evolved HSDPA Evolved HSUPA
Variable Spreading Factor No Yes
Fast Power Control No Yes
BS based scheduling Yes (multipoint to point) Yes (point to multipoint)
Adaptive Modulation Yes No
Soft Handover No Yes
Fast L1 HARQ Yes Yes
TTl length [ms] 2 10, 2
Modulation QPSK, 16QAM, 64QAM QPSK, 16QAM
Theoretical peak data rate 42 (MIMO 2 2, 64QAM) 11.5 (SISO, 16QAM)
[Mbps]

Presently in Portugal, operators have deployed HSPA+, offering DL data rates up to 21.6 Mbps using
64QAM or even 43.2 Mbps using Dual-Carrier HSDPA and 64QAM [Vodal0]. Meanwhile, trials
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combining 64QAM, MIMO and Dual-Carrier HSDPA have proved to achieve 84 Mbps or even
168 Mbps for DL, just using 64QAM and Multi-Carrier combining eight carriers [Eric11].

2.1.3 Capacity and Coverage

In this thesis, the main performance parameter of interest is the data rate, associated to given
coverage and capacity. Nevertheless, interference is a primordial factor to take into account in this

analysis of the communications system.

The limiting factors on system capacity are mainly three [Corr10]: the number of available codes in DL,
the system load (interference constrains in both UL and DL), and the shared DL transmission power.
As the number of available channelisation codes is limited by SF, the number of simultaneous active
users in the cell is limited by this number. The maximum value for SF is limited to ensure a minimum
Quality of Service (Qo0S), whereas high SF values would allow unbearable interference levels. In
practice, for the total number of available codes in HSDPA, users would be required to be very near

the BS and in perfect channel conditions, and so this does not represent a real limit.

On the other hand, the trade-off between capacity and interference is of key importance in cellular

networks, shown by the expression for the interference margin [Corr10]:

b ptti @ s (2.1)
where:

1 s:load factor, assuming values in [0,1].

The load factor depends on the services, being distinct for UL and DL due to the traffic asymmetry
between them and the different transmission powers that characterise each transmitter. The more load
is allowed in the system, the larger is the interference margin needed, and the smaller is the coverage
area. For coverage-limited cases a smaller interference margin is suggested, while in capacity-limited
cases a larger interference margin should be used. Typical values for the interference margin in the

case of coverage limitation are 1 to 3 dB, corresponding to 20-50% load, [HoTo07].

Alternatively to an interference margin, intra-cell and inter-cell interferences can be computed using
expressions (2.2) and (2.3) for the DL, and (2.4)and (2.5) for UL, [EsPe06].

0 % 0 0 p 4 OUj (2.2)

1 J1: code orthogonality factor (typically [50, 90] %);

C

1 : total BS transmitted power;
T 0 5:BS transmitted power to user Q
1

0 i : pathloss from serving BS to user 'Q

~ . 2.3
v Vnrn P 1 Un @3)

where:
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1 0 :number of neighbouring BSs;

T 0 j:BSi transmitted power;

. &: pathloss from BS Oto the user.
Providing results based on measurements in an urban environment, the orthogonality factor has been
characterised by [PeMo02] as correlated with delay spread, due to multipath, or further as a function
of userds di st anc Eigute@.3. B Slear deop of thén astiiogonaility factor can be seen
with distance, in an environment with high multipath propagation, resulting in higher interference

margins for higher distances to the BS.

1
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Figure 2.3. Orthogonality factor, [, as a function of wuser 06 dPeladO?))t ance to

For UL, the activity factor for a certain service is considered for each user as shown in:

0 0 5 Of O (2.4)
where:

T 0 5: UE transmitted power to BS;

1 0©: user activity factor;
0 0 g Ofp O (2.5)
where:

0 gp: transmitted power from user "Qin adjacent cell i ;
1 0 :number of users in adjacent cell i ;

1 0 §p: pathloss from user Qin cell i to the serving BS.

As the BS transmitting power is shared, in DL, cell coverage is limited by its maximum value. The BS

transmission power is expressed in [HoTo07] by:

0j o (2.6)

0 Oy D B U o)

p s D
where:
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'O : energy per bit;
0 : noise power spectral density at the MT;

"O : processing gain for user Q

0 : activity factor for user Q

1

1

1

1

1 O : Number of users;
1 Y:chiprate, 3.84 Mcps in UMTS;

1 s :average DL load factor value across the cell;
T 0 : number of streams, in case of MIMO;

1

0 : average pathloss between BS and MT.

When increasing the BS transmitter power, the reciprocal interference between DL user channels will
also rise, hence, it is not an efficient solution for the increase of cell capacity. Most typical capacity
upgrade solutions are more power amplifiers, allocation of more carriers or transmitting diversity with a

second power amplifier per sector.

Combining (2.1), (2.6) and assuming an average activity factor, SNR and processing gain, the

average number of user in the cell can be obtained for a given maximum BS transmission power:

0 2.7)
Y 00j6 Y W

where:

1 Y :average user bit rate;

1 'Oj0 :average user energy per bit to noise power spectral density ratio;
1 UfFaverage user activity factor;
1

0 : average interference margin.

One can note from (2.7) that the number of users depends on the BS transmission power, on the
average user bit rate, and on the interference margin and on pathloss. The last two are responsible for
the trade-off between capacity, (2.7), and coverage in UMTS. Regarding the average energy per bit, it
is defined for a given Modulation and Coding Scheme (MCS), required for a given Block Error Rate
(BLER). Both the required Bit Error Rate (BER) and average user activity are mainly service

dependent, being defined for given classes of service.

2.1.4 Performance Analysis

In UL and DL, performance analysis depends highly on network algorithms, deployment scenarios, UE
transmitter capability, Node B performance and capability, and type of traffic. Furthermore, it is of
extreme relevance for the system dynamic adaptation, as it has effect in interference-based radio
resource management functionalities, such as HO control, power control, admission control, load

control and packet scheduling functionalities.

Different metrics for performance, at the radio link level, are used according to the operating Release,

and in particular HSUPA and HSDPA. While Release 99 typically used Oj 0 as performance metric,
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for HSDPA that is not a suitable metric as bit rate on HS-DSCH is varied every transmission time
interval using different modulation schemes, effective code rates, and a number of HS-PDSCH codes.
Defining the average HS-DSCH SINR as the narrowband SINR after de-spreading the HS-PDSCH, it

is then possible to express it for a single-antenna Rake receiver as, [Pede05]:

(2.8)

m  Y'O=
U]

C

where:

1 “Y'O HS-PDSCH spreading factor of 16;

Ca

i : received power of the HS-DSCH, summing over all active HS-PDSCH codes;
T 0 : received intra-cell interference;

T 0 : received inter-cell interference;

1 0 :received noise power.

One should note from (2.8) that even with given fixed inter- and intra-cell-interferences, SINR is not
constant, depending on factors like orthogonality, through intra-cell interference, or UE receiver
capabilities. Still, the UE uses the SINR estimate to report back to the BS, allowing it to select the UEs
for transmission and select data rate, i.e., transport format, for each transmission and link. Adaptive
Modulation Coding (AMC) is then employed in HSDPA to change the modulation scheme on a burst-

by-burst basis per link, concerning the radio channel quality.

HS-DSCH SINR is the key measure for describing link performance in HSDPA and reflects the narrow
band SINR as experienced by the UE, independently of the number of HS-PDSCH codes, modulation
scheme, antenna configuration and effective code rate. This measure is also used to obtain a certain
BER or BLER target for a given number of HS-PDSCH codes, and for the modulation and coding
scheme per TTI, or; in the other hand, used to determine bit rate due to link adaptation in HSDPA, as

shown in Figure 2.2.

The HS-DSCH link level performance with the maximum of 15 codes is shown in Figure 2.4 as a
function of the HS-DSCH wideband carrier-to-interference ratio 6j Qi.e., the received power of HS-
DSCH divided by noise and interference without de-spreading. The HS-DSCH data rate is compared
to the maximum error-free data rate given by the Shannon capacity formula for bandwidth of 3.84 MHz
in UMTS. Only an approximate 2 dB difference is seen between the two curves, mainly due to decoder

limitations and receiver estimation inaccuracies, [HoTo06].

HSUPA performance depends on multiple factors, such as UE transmitter capabilities, network
algorithms, BS performance, type of services, and scenario environment [Jaci09]. Thus, the BS can
estimate the UL channel quality based on the received SINR, i.e., based on Oj 'O A high Oj "Oat the
BS is required in order to achieve the lowest delays and higher data rates, despite leading to an UL
noise increase, thus, decreasing cell coverage. For this reason, a maximum level for the UL noise may

be defined for macro-cells, ensuring a certain coverage area, but limiting data throughput.
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Figure 2.4. HSDPA data rate compared with the Shannon limit as a function of an average HS-DSCH

carrier and interference power ratio (extracted from [HoTo06]).

2.2 LTE

This section presents the fundamental concepts regarding LTE. The network architecture is
presented, with its main elements. A description of the radio interface follows, and basic concepts of

coverage and capacity are analysed. This section is based on [HoTo09] and [3GPP10c].

2.2.1 Network Architecture

The evolution towards LTE was carried out in a request for: optimised PS services, optimised support
for higher throughputs, hence, higher end user bit rates, improvement in response times for activation
and set-up and, improvement in packet delivery delays. Additionally, ona syst emds

overall simplification of the system compared to legacy systems, towards a flat architecture, and

optimised inter-working with them at the access network layer were also considered.

Network architecture and functionalities are based on a basic architecture configuration of LTE, as
possible interoperability with legacy systems is not shown, [HoTo09]. Figure 2.5 shows the division of
the System Architecture Evolution (SAE) into three main high level domains: User Equipment (UE),
Evolved UTRAN (E-UTRAN) and Evolved Packet Core Network (EPC).

The new architectural development in LTE is limited to the E-UTRAN and the EPC (i.e., Radio Access
and Core Networks), while UE and External Networks domains remain architecturally intact, despite
some functional evolution. UE, E-UTRAN and EPC together represent the IP Connectivity Layer, or
Evolved Packet System (EPS). This layer is optimised to provide IP based connectivity, as all services
will be offered on top of IP. Also, in transport, IP technologies are dominant and everything is designed

to be operated on top of this layer. Unlike UMTS, the core network does not contain a CS domain,
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neither direct connection to CS networks.
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Figure 2.5. Basic System Architecture of LTE (adapted from [HoT009]).

The development in E-UTRAN is concentrated in one node, the evolved Node B (eNB). It collapses all
radio functionalities, i.e., eNB is the termination point for all radio related protocols. The E-UTRAN, as
a network, is simply a mesh of eNBs connected to neighbouring eNBs through the X2 interface and
interacting with the UE through the LTE-Uu. Communication between eNBs is carried through this

interface, e.g., regarding radio and HO, eliminating large data flow through the RNCs, as in UMTS.

eNB accounts for Radio Resource Management (RRM), Mobility Management (MM), bearer handling,
user plane data delivery, handovers, security settings and securing and optimising radio interface
delivery to the UEs. The eNB also takes part in user plane tunnels for UL and DL data delivery, in the

interface, with the Serving Gateway (S-GW), through S1.

Functionally, the EPC is equivalent to the packet switched domain of existing 3GPP networks, despite
the different arrangement of functions, performed by distinct nodes in a new architecture configuration.
The EPC contains elements, such as: the Mobility Management Entity (MME), the main control
element in the EPC, responsible for authentication and security, MM, and managing subscription
profile and service connectivity; the S-GW, supporting user plane tunnel management and switching;
the Packet Data Network Gateway (P-GW), which is the edge router between the EPS and the
external packet data networks, and acts as the IP point of attachment for the UE; the Policy and
Charging Resource Function (PCRF), responsible for policy and charging control; and the Home

Subscription Server (HSS), constituting subscription data repository for all permanent user data.

Figure 2.5 also shows the so called SAE Gateway (SAE-GW), representing the combination of the two
gateways, S-GW and P-GW, defined for the user plane handling in EPC. However, implementing them
together as SAE-GW represents one possible deployment scenario, as the standards define the

interface between them and all operations have also been specified for them to be separate.

The Services domain may include various sub-systems, categorised by type as: IP Multimedia Sub-
system (IMS) based operator services, non-IMS based operator services and other services not

provided by the mobile network operator, e.g., services provided through the internet. Further analysis
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about service level systems is out of the scope of this thesis, but particularly for IMS, the preferred

service machinery for LTE/SAE, the interested reader should refer to [HoTo09] and [PoMa09].

2.2.2 Radio Interface

For LTE, two multiple access techniques are employed: Orthogonal Frequency Division Multiple
Access (OFDMA) for DL and Single Carrier Frequency Division Multiple Access (SC-FDMA) with
Cyclic Prefix (CP) for UL. OFDMA allows the access of multiple users on the available bandwidth by
dynamically assigning each user to a specific time-frequency resource. Using SC-FDMA, the same
technique is employed, but with the distinguishing feature that it leads to a single-carrier transmit
signal, while OFDMA is a multi-carrier transmission scheme. LTE supports both Frequency Division
Duplexing (FDD) and Time Division Duplexing (TDD), although only FDD is addressed in this thesis
due to its wide adoption in the majority of European networks. According to the specifications, there
are 17 frequency FDD bands and 8 TDD bands of LTE spectrum allocated [3GPP10d]. In Europe, and
particularly in Portugal, regulation has been issued under public consultation for the auction of the
800 MHz, 900 MHz, 1800 MHz, 2.1 GHz and 2.6 GHz frequency bands [ANAC11].

The difference in the access techniques chosen for DL and UL is mainly related with the
characteristics of better efficiency power and lower Peak-to-Average-power-Ratio (PAR). Compared to
OFDM, SC-FDMA in UL ultimately maximises battery life for the MT as a reduction of 2 dB in PAR is
achieved comparing to OFDMA, [Zeme08]. Additionally, the CP avoids Inter-Symbol Interference (ISI),
and can be chosen to be normal or extended so to be slightly longer than the longest delay spread in
the radio channel. This approach allows for simple frequency-domain processing, such as channel

estimation and equalisation, with advantages both in UL and DL.

Channel estimation is necessary in LTE, both in UL and DL, as the receiver still has to deal with the
channel impact for the individual subcarriers that have experienced frequency dependent phase and
amplitude errors. The estimation is done through the use of pilot or reference symbols, which facilitate
coherent channel estimation and allow reverting channel impact for each subcarrier, e.g., by using a

frequency domain equaliser.

In DL, it is allowed for scalable carrier bandwidths, from 1.4 up to 20 MHz, with subcarrier spacing of
15 kHz [3GPP10c]. In LTE, the concept of a Resource Block (RB) is used, which is a block of 12
subcarriers in one slot, i.e., 180 kHz in the frequency domain. Each time slot is 0.5 ms long, a group of
2 slots is a sub-frame of 1 ms (or the TTI) and each frame is 10 ms. Furthermore, a transport block is
a group of resource blocks with a common modulation or coding. The physical interface is a transport
block, which corresponds to the data carried in a period of time allocated to a particular UE. Multiple

UEs can be serviced on DL at any particular time in one transport block.

The time domain structure of the frame used in LTE is, in most respects, the same for FDD and TDD,
Figure 2.6. Some differences exist between the two duplex modes, most notably the presence of a
special sub-frame in case of TDD. Nevertheless, LTEG physical layer, like the general system, is

designed for maximum efficiency of the packet-based transmission, and for this reason, there are only
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shared channels in the physical layer to enable a dynamic resource utilisation.
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Figure 2.6. DL frame structure type 1, for FDD and TDD (adapted from [Agil07]).
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LTEG6 ®L and UL are composed of physical channels and physical signals. Physical channels carry
information from higher layers, and are used to carry user data, as well as user control information;
physical signals do not carry information from higher layers, and are used for cell search and channel
estimation purposes. Examples of the latter are the Primary Synchronisation Signal (PSS) and the
Secondary Synchronisation Signals (SSS), transmitted in the 1% and 11" slots of the 10 ms frame,
used for cell search and synchronisation of the UE to the network. Reference symbols, referred
earlier, are spread over the entire bandwidth and used for channel estimation. As for physical
channels to which main transport channels are mapped, there is: the Physical Downlink Control
Channel (PDCCH) with functions of scheduling and resource allocation, HARQ related data and also
power control commands for the UL; the Physical Downlink Shared Channel (PDSCH) and the
Physical Broadcast Channel (PBCH) both for user data and system information, respectively, as in
WCDMA.

For UL, the same frame size, sub-frame size and slots are used, although channel allocation differs.
Although the Physical Uplink Control Channel (PUCCH) and the Physical Uplink Shared Channel
(PUSCH) have similar functions as in DL, the new Physical Random Access Channel (PRACH) is

used for random access transmission, the only non-synchronised transmission in LTES ®IL.

For the frame structure presented in Figure 2.6 and using normal CP, an RB aggregates 12
consecutive subcarriers and 7 consecutive OFDM symbols in a slot. For extended CP, the number of
subcarriers is the same, but 6 OFDM symbols are transmitted per slot. As shown, a CP is appended to
each symbol as a guard interval. An RB corresponds to one slot (Y 0.5 ms) in the time domain,

ie., 0 =7 at normal CP, and 180 kHz (12 subcarriers 15 kHz spacing) in the frequency domain.

Thus, the number of available RBs can range from 6, when the transmission bandwidth is 1.4 MHz, to
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100, when it is 20 MHz.

For LTE, power control only exists for UL, and does not control absolute power, but rather the power
spectral density, for a particular device. Furthermore, the use of orthogonal resources in UL facilitates
the use of a slower rate for power control, unlike WCDMA systems where fast power control is
required. The key motivation in LTE is, hence, to reduce terminal power consumption and also to

avoid overly large dynamic range in the eNB receiver, rather than to mitigate interference.

Besides optimisation in time and frequency domains, antenna optimisation through MIMO is the key
enabler of a high data rate in LTE. For this reason, plain SISO transmission is not supported as UEs
are required to have at least two receiving antennas and the SIMO case constitutes then the simplest
scheme. Further information on MIMO for LTE is presented in Annex D.

2.2.3 Capacity and Coverage

Theoretical bit rates, can be obtained for DL using:

0 B JD Jl @ (2.9)
p nJY

where:

1 0 :number of subcarriers per resource block (assumed 12 for 15 kHz subcarrier spacing);

1 O :number of user resource blocks;

1 & : order of the modulation considered;

T 0O : number of symbols per sub-frame (14 symbols for normal CP or 12 for extended CP);
7T 0 : number of streams, in case of MIMO;

1 “Y :sub-frame period, 1 ms.

As seen in (2.9), end-user throughput depends on parameters like modulation and MIMO
configurations used, directly related with channel conditions, CP size used, and number of resource
blocks allocated for a certain user. However, note also that user throughput depends additionally on

the overhead amount due to synchronisation and reference signals as well as control channels.

Moreover given the dynamic allocation of time-frequency resources in the eNB, the multi-user
scheduling strategies are directly related to user data rates and user capacity, both at the cellular and
system level. Main capacity limiting factors include the number of resource blocks, scheduler
implementation efficiency, inter-cell interference, MIMO, and supported modulation and coding

schemes.

To maximise service delivery for the user, a variety of resource scheduling algorithms may be applied
by the eNB, depending on the optimisation criteria required, searching for a fair balance between
throughput maximisation for delay-tolerant applications against QoS for delay applications. The
prioritisation of data will typically consider the corresponding traffic classes, as shown in [HoTo09]. For
this, multi-user diversity is an important factor, especially if the user density is high, in which case the

multi-user diversity gain will enable the scheduler to achieve a high capacity, even with tight delay
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constraints.

Nevertheless, system throughput and capacity are still limited by inter-cell interference, especially
considering cell edge users. As LTE was designed to operate with a frequency reuse factor of one,
interference coordination is required. As always, the DL resource allocation strategy is also
constrained by the total transmission power of the eNB. The impact on the achievable data rate, for a

user ‘Qtransmitting in sub-frame "Qcan be expressed by, [SeTB09]:

. 5 0 (2.10)
Y ollr @ —
0 B 0 (@]
o] 3FQ 3 D (2.11)
where:

f 0O :transmit power from cell i, transmitting in RB Q@

! 'O :channel gain from the serving cell i to user 'Q transmitting in RB Q

T 6 :bandwi dth of t he toaserdd RB6s all ocated

1 3'Qsubcarrier spacing (assumed 15 kHz).

The channel gain SO "@& scaptures the random signal attenuation due to pathloss, fading and other
effects in the channel. In order to further increase the data rates that can be provided for users at the
cell edge, the scheduling strategy may take interference from and to adjacent cells into account.
Considering a scenario with two cells (i andi ) with one active user per cell (Q andQ), the total

achievable bit rate of the two users is given by:

(2.12)

where:

" 6 :bandwidth allocated simultaneously to users 0 and Q;

¢ O :transmit power from cell i , transmitting in RB Q

'O :channel gain from the serving celli to user Q , transmitting in RB "Q

In this situation, it can be shown that the optimal power allocation for maximum capacity is obtained
when either BSs are operating at maximum power in the same RB, e.g., when each user is located
near its respective eNB, Figure 2.7-a), or one of them is turned off completely in that RB, e.g., users

are located close to the edge of their respective cells, Figure 2.7-b), [SeTB09].

In practice, this means that the eNB scheduler will exploit this result by treating users in different ways,
depending on whether they are cell-centre or cell-edge users. Inter-Cell Interference Coordination
(ICIC) is assumed to be managed in the frequency domain rather than in the time one so to avoid to

interfere with the HARQ process, particularly in UL where it is synchronous.
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Moreover, considering the single-cell capacity, an estimate for the number of active users in a cell, in a
given instant, can be given by:
6 3 OJ0 20
0 (2.13)

1 &: total bandwidth available;

T O :capacity gai n obtpesitiomiegdnttbaed; t o user sb
T O : capacity gain obtained due to multi-user diversity;

1 & :average bandwidth of the RBs allocated per user;
1

s :scheduler efficiency, chosen in [0,1].

For a given scheduling instant, the scheduler considers the total available bandwidth, scheduling RBs
to active users with a given efficiency, as shown in (2.13), taking into account the scheduling
inefficiency due to constraining service QoS for each RB, and optimisation criteria for the scheduler
implementation inefficiency. Capacity gains can still be obtained by exploiting multi-user diversity,

namely in used services and position inside the cell.

(a) Users close to eNBs.

(b) Users close to cell edge.
Figure 2.7. Inter-Cell Interference Coordination limit cases (extracted from [SeTB09]).

For UL, the scheduling algorithm chosen along with FDM resource allocation with fine granularity has
a direct impact in system and cell capacity [SeTB09]. In high SINR conditions, the maximum
achievable capacity can be limited by the minimum amount of transmission resource allocated to each
single UE. Besides coordination, other interference mitigation techniques used are inter-cell

interference randomisation, frequency domain spreading and slow power control.

2.2.4 Performance Analysis

As in UMTS, peak data rates are available only in extremely good channel conditions. The practical

data rate in LTE is nevertheless limited by the amount of inter-cell interference and noise in the
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