LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE LIBRARY DUBLIN
Ollscoil Atha Cliath | The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin
Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other IPR
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal
conventions. Where specific permission to use material is required, this is identified and such
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, | accept that Trinity College Dublin bears no legal responsibility for the
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific
use constraints, details of which may not be explicitly described. It is the responsibility of potential and
actual users to be aware of such constraints and to abide by them. By making use of material from a
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms &
Conditions. Please read them carefully.

| have read and | understand the following statement: All material supplied via a Digitised Thesis from
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for
your research use or for educational purposes in electronic or print form providing the copyright owners
are acknowledged using the normal conventions. You must obtain permission for any other use.
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has
been supplied on the understanding that it is copyright material and that no quotation from the thesis
may be published without proper acknowledgement.



Embedding Spectrum Sharing into
LTE-Advanced

Jasmina McMenamy

Electrical Engineering Department

The University of Dublin
Trinity College

This dissertation is submitted for the degree of
Doctor of Philosophy

( \:(D:’::?“\

Trinity College Dublin April 2016

¢ “ 5} a}\em\/\% _



TRINITY LIBRARY
27 JuL 2016
DUBLIN




To my family. ..



Declaration

I declare that this thesis has not been submitted as an exercise for a degree at this or any

other university and is entirely my own work.

I agree to deposit this thesis in the University’s open access institutional repository or allow
the Library to do so on my behalf, subject to Irish Copyright Legislation and Trinity College

Library conditions of use and acknowledgement.

Qionad-

Jasmina McMenamy
April 2016



Acknowledgements

Firstly, I would like to express gratitude to my supervisor Prof. Linda Doyle for the
opportunity to undertake a Ph.D. I would like to thank her for the support, expertise,

encouragement and guidance she provided throughout this process.

I would also like to thank external and internal examiners - Assistant Professor Dr. Paulo
Marques and Assistant Professor Dr. Nicola Marchetti for their interest in my work, engaging

discussions and constructive feedback.
Furthermore, I would like to put on record my appreciation and special thanks to Dr.
Irene Macaluso for her ongoing support, professional advice and suggestions, and an inspir-

ing collaboration.

I would also like to thank all of my lab colleagues for the enjoyable time spent in the

lab, interesting discussions, and great table-tennis tournaments.

Finally, special thanks goes to my family members.



Summary

Society needs more spectrum. It is required to support continuous data growth, a greater
number of mobile connections, smarter devices with more powerful computing capabilities
and the emergence of new applications/technologies. Despite these facts, the evidence
points to a low spectrum utilisation, both in Europe and in the US, even in dense urban
areas. Tackling these trends and associated challenges means finding new, better ways to
meet the demands for more spectrum by enabling dynamic & flexible spectrum use, and by
encouraging cellular operators to share spectrum. This thesis aimed to address some of these
challenges. It proposed to avail of the dominant communication system LTE/LTE-Advanced
and to enable a systematic approach to spectrum sharing. Its main contributions are as

follows:

e The thesis proposed a well-defined spectrum sharing framework that embedded spec-
trum sharing deep in the LTE-Advanced system by relying on its inherent mechanisms

of Carrier Aggregation and Dual Connectivity.

o It defined a three-tier spectrum-sharing approach, incorporating different spectrum
classes - statically assigned, exclusively owned spectrum and two different shared
spectrum classes. One spectrum class was based on the ezclusive operation, providing
guarantees on spectrum quality, but at a cost. The other was free, based on com-
mon/open use, but without guarantees on the quality. The aim was to enable future
spectrum sharing bands to avail of the framework through these broad, but distinct

spectrum classes.

e The thesis addressed relevant cellular network topologies and architectures, focusing
on heterogeneous networks with macro and low-power nodes. It considered the low,
medium & high density of low-power nodes, and the underlining centralised and

distributed baseband architectures, with remote radio heads and small cells.

e The framework incorporated a spectrum selection mechanism, taking into account QoS
and cost of the shared spectrum - the aspects of particular importance for a cellular
operator. The QoS was defined in terms of end-user performance and a range of target
values that the network should deliver. In this way, the issue typically regarded as a

barrier to spectrum sharing by cellular operators - the lack of control over QoS - was



addressed. The spectrum selection mechanism reflected these two spectrum sharing
models and also incorporated the cost related to acquiring spectrum resources from

the exclusively shared class.

The thesis addressed a number of challenges for the framework, including shared spectrum
characterisation, QoS criteria, the framework modelling using simulation-based approach, and
analysis and performance of specific architectures. The shared spectrum characterisation was
addressed by identifying the key spectrum attributes and drawing on the relevant spectrum
sharing initiatives - TV White Spaces, Licensed Shared Access and Citizens Broadband
Radio Service. Chapters 4, 6 and 7 dealt with the spectrum characterisation aspects as well
as with the selection criteria. Chapter 6 presented an extensive system-level performance and
QoS versus Cost analysis for the centralised baseband architecture with Carrier Aggregation
with a low/medium density of LPNs. The shared spectrum classes and key attributes were
derived from the most relevant spectrum sharing initiatives - TV White Spaces and Licensed
Shared Access. Chapter 7 provided a comprehensive system-level analysis of the centralised
and distributed baseband architectures with Carrier Aggregation and Dual Connectivity,
using Citizens Broadband Radio Service model at 3.5 GHz as a basis. The study considered
the low, medium and high density of low-power nodes, with the three-fold contributions.
Firstly, the study provided the performance and QoS versus Cost analysis, taking into
consideration a range of parameters that included: different density of low-power nodes,
network load, commonly shared band availability and its interference levels, and target QoS.
The results proved a significant benefit from spectrum sharing using low-power nodes. This
was particularly pronounced in the network with the medium and high density of low-power
nodes, due to the spatial spectrum reuse, and when free, commonly shared band was
available. Secondly, the analysis identified the difference the baseband architecture made on
the sharing framework. The results showed that it mattered whether low-power nodes used
centralised or distributed baseband architecture. Hence, with low-power nodes, spectrum
sharing should not be abstracted from the underlying fronthaul/backhaul infrastructure.
With a range of considered values for different parameters, the results showed that in 17%
percent of all cases, the baseband architecture played a differentiating role regarding the
cost for the cellular operator. The effects were most pronounced for the medium density of
low-power nodes. Thirdly, Sensitivity Analysis was presented for a given density of low-power
nodes. It evaluated the impact of each of the parameters and their interaction. Due to
a multitude of parameters that needed to be taken into account in the spectrum decision
process, sensitivity analysis was found to be a valuable tool, determining the relevance of a
particular parameter. The results showed that for the low & medium number of low-power
nodes and high target QoS requirements, the cost was not sensitive to the change in the
network load. With the high density of low-power nodes, the changes in the target QoS
affected the cost in all instances, regardless of the network load, the availability of the

commonly shared band, its power and congestion levels.
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Chapter 1

Spectrum Sharing - Advances &
Challenges

1.1 Relevance of spectrum sharing

The global demand for spectrum is growing and is set to continue to increase due to a
variety of reasons. These include factors such as a massive increase in mobile connections
and the proliferation of smarter mobile devices, with greater computing resources and ad-
vanced connection capabilities [1]; the fast rise in the number of machine-to-machine (M2M)
applications and devices; the emerging of wearable devices; and a tremendous increase in
mobile video traffic [1]. According to the Cisco forecast for 2014-2019 [1], cellular data
traffic alone will globally increase nearly ten-fold by 2019, compared to 2014, see Fig.1.1. A
number of national regulatory agencies also forecast high spectrum demands in the medium
to long-term. In a recent analysis for Ofcom! for the UK [3], it is found that in the case of
medium-to-high estimates of mobile broadband traffic, current mobile broadband spectrum
allocations may not be sufficient by 2020. Furthermore, all projects and research activities
focused on defining the fifth generation (5G) cellular networks put a requirement for more

spectrum on a top of the list of priorities, see examples in [4], [5].

Despite these extraordinary requirements for spectrum, portions of this unique resource lay
underutilised. In Europe, the overall utilisation is shown to be below 10%, [6]. In the US,
less than 20 % of spectrum below 3.7 GHz is utilised [7], even in densely populated areas.
The cause of such a state of affairs cannot be reduced to a single issue, as spectrum usage is
a complex subject due to its inherent physical and technical limitations. Nevertheless, it is
recognised, notably in [6] and (7], that one of the contributing factors to this situation is the
traditional approach to spectrum management. Furthermore, current spectrum management

practices are designed for the technology that is now decades old [8]. This approach entails

'Ofcom is the UK’s communications regulator [2].
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allocation of spectrum bands to a particular service or services, with a block of spectrum
assigned to a particular entity within each band. Spectrum assignment is typically done on

a long-term basis, regardless of the spectrum utilisation.

57% CAGR 2014-2019

25 243 EB
20
16.1 EB

Exabytes g
per Month 10 10.7 EB
6.8 EB
5 4.2 EB .
2.5 EB -
, .

2014 2015 2016 2017 2018 2019

Source: Cisco VNI Mabile, 2015

Fig. 1.1 Monthly traffic increase year on year according to Cisco forecast 2014-2019.

It is clear that meeting future spectrum demands by clearing current spectrum allocations
and assignments to give way to the services and entities that may, or may not, increase
the spectrum efficiency and utilisation could be a long and costly process. In [7], it was
estimated that clearing 95 MHz of Federal spectrum could cost around 18 billion US dollars,
and it could take around ten years. Furthermore, these are the traditional methods of
spectrum management, which have significantly contributed to the issue. Therefore, it
has been recognised that one way to address this problem is to enable spectrum sharing
and increase spectrum efficiency through a better spectrum management. Both [6] and (7]
propose spectrum sharing as a new norm and integral part of spectrum management. Steps
are being taken to approve spectrum sharing in certain bands. For example, in the US,
following the President’s Council of Advisors on Science and Technology (PCAST) report
[7] and a series of consultations, the Federal Communication Commission (FCC)? adopted
the final rules for spectrum sharing in the 3.5 GHz band in April 2015. In the UK, Ofcom
has recently approved of spectrum sharing in the TV Ultra High Frequency (UHF) band,

following a series of trials [9].

In addition to the above motivation for spectrum sharing, there is also a general ac-

knowledgement of significant potential for new technologies and associated socio-economic

2FCC in the US manages all spectrum but Federal. The Federal spectrum is managed by the National
Telecommunications and Information Administration (NTIA).
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benefits. Socio-economic benefits of opening spectrum for sharing are recognised in [7] as
the means to foster innovation, contribute to economic growth and revenue generation, and
improve the quality of service. In [6], a detailed study on the socio-economic impacts of
shared spectrum is provided. It considers a modest sharing scenario, which allocates 200
MHz of spectrum for sharing through complementary sharing options in certain frequency
bands, such as terrestrial broadcast bands, as well as light licencing that enables the shared
use of military and other public services bands. It is estimated that such scenarios in the
EU could result in a net stimulus of 270 billion Euros in the period 2012-2020. The radical
approach that allocates 400 MHz of spectrum for sharing would amount to some 776 billion
net benefit to the EU economy [6]. These are significant returns for the EU economy, even

with a considerable margin of error.

In [10], a probability-weighted analysis is conducted to evaluate the economic impact
of vertical spectrum sharing between a mobile network operator and the incumbent in the
period 2018-2030. The economic impact (value) is scaled down with the geographic and
timing restrictions on spectrum use. The analysis is conducted for two popular bands - 2.3
GHz in Europe and 3.5 GHz in the US. It is estimated that the effect of spectrum sharing
in the US may range from 7 to 260 billion US dollars, depending on the contract length
and the size of the areas where sharing is not possible. In the EU, between 5-86 billion
Euros could be the value of spectrum sharing in 2.3 GHz, across the EU countries, again
dependent on the time and geographic restriction, and the adoption levels across the EU
states. While different sources may have a different methodology in how they derive the
estimated economic value?, it is evident that all reports thus far, recognise a significant

economic and social value of spectrum sharing for the society.

1.2 Key initiatives in spectrum sharing

The Industrial, Scientific and Medical (ISM) radio bands® are the original spectrum sharing
bands. They have been a huge success, and today are the most prevalent examples of
spectrum sharing. The operation in the ISM bands allows heterogeneous systems to co-exist.
For example, in the 2.4 GHz ISM band, which spans from 2.4-2.5 GHz, several technologies
coexist. They include Wireless LAN (WLAN)S and other wireless technologies such as Blue-
tooth (based on IEEE 802.15.1) and ZigBee (based on IEEE 802.15.4) [12]. Also, microwave

3These are rough estimates, and according to [6], take into account £50% margin of error.

“For example, [10], considers solely vertical sharing between a mobile network operator and the incumbent.
It also argues that the level of investment and, therefore, the associated economic value is reduced with more
dynamic sharing arrangements, and uncertainty.

5There are a number of internationally defined bands for the ISM operation. They are 6.78, 13.56, 27.12
and 40.68 MHz, as well as 2.45 GHz, 5.8 and 24.125, 61.25 and 245 GHz. There are also some ISM bands
that are defined only in certain regions, such as 900 MHz in the ITU Region 2 (Americas), [11].

SWLAN networks are based on the standard developed by the International Institute of Electrical and
Electronics Engineers (IEEE) and include 802.11 b/g/n standard.
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ovens, baby monitors, and many other systems transmit in this band. The transmission is
limited to a low-power regime, and the operation in the band does not provide interference
protection. All systems have access to the band on an equal basis, provided they abide by
the rules of the band. Each system uses different coexistence mechanisms - for example,
the IEEE 802.15.1 family uses frequency hopping - spread spectrum (FH-SS), and adaptive
frequency hopping to avoid collisions with Wireless LAN [12]. Table 1.1 depicts different
Table 1.1 Key aspects of the main technologies used in the ISM bands. Older 802.11 standard

(802.11b) uses spread spectrum (SS) techniques - Frequency Hopping (FH-SS), and

Direct Sequence (DSSS) together with Complementary Code Keying (CCK). Newer
802.11 standard (802.11a/g/n/ad/ac use Orthogonal Frequency Division Multiplex

(OFDM)).
WiFi (IEEE | Bluetooth UWB ZigBee
802.11) (802.15.1) (802.15.3) (802.15.4)
Frequency 2.4 & 5 GHz 2.4 GHz 3.1-10.6 GHz 2.4 GHz
Physical Layer | FH-SS,  DS-| FH-SS MultiBand DS-SS
SS/CCK, OFDM
OFDM
Nominal Trans- | 15-20 0-10 -41.3 -25-0
mit Power dBm/MHz
(dBm)
Channel Band- | 22 (20, 40, | 1 (up to 5MHz | 500 MHz - 7.5 | 0.3/0.6; 2
width (MHz) 80, 160 for | with 15 hop-| GHz
802.11g/n/ac) | ping channels)
Nominal 100 (50 for | 10 10 10-100
Range (m) 802.11a)
Coexistence DFS/TPC in 5 | Adaptive DFS Adaptive
Mechanism GHz bands frequency frequency
hopping hopping

technologies, typical powers and co-existence mechanisms used in the ISM bands, according
to [12],[13].

As WLAN networks have a pivotal role in pioneering and promoting spectrum sharing, in

the next subsection the thesis specifically turns to these networks.

1.2.1 WLAN networks

WLAN networks, popularly also known as Wireless Fidelity (WiFi) networks, include the
family of IEEE 802.11 a/b/g/n/ac/ad protocols for wireless local area networks and include
PHY and MAC layer specifications [14]. The majority of 802.11 standards use OFDM as
a waveform while only the early versions (802.11b) used spread spectrum techniques [15].
From the architecture point of view, the WiFi standards support infrastructure mode, where

the network consists of an access point (AP) and connecting stations. In ad-hoc mode,
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the stations can communicate directly [14]. For controlling the access to the medium, the
802.11 family of protocols uses either mandatory, contention-based Distributed Coordination
Function (DCF), or optional contention-free Point Control Function (PCF). DCF is a
distributed mechanism, which does not require a centralised control. It is based on Carrier
Sense Multiple Access/Collision Avoidance (CSMA/CA) and enables asynchronous data
transport’. DCF also includes Request to Send/Clear to Send (RTS/CTS) handshakes to
avoid transmission collisions with a node not seen by the transmitting station (i.e. the hidden
node) [13]. Although DCF provides a simple, distributed operation, it is recognised that
it suffers from serious throughput limitations [16]. They are caused by the collisions, idle
periods in between the transmissions and transmission times for PHY and MAC headers [16].
In addition, poor requirements on out-of-band emissions (particularly for 802.11 a/g) cause
Adjacent Channel Interference (ACI), which coupled with DCF reduces spectrum utilization
[17],[18]. PCF is optional, typically implemented in the AP. It uses a poll-and-response
protocol to ensure a contention-free access to the medium but is not widely implemented

due to its poor robustness to the hidden node problem [15].

The 802.11 is a large family of protocols, which has seen a continuous updates and develop-
ments to the basic standard, published in 1997 [15]. The latest developments are 802.11n
and 802.11ac versions that introduce spatial multiplexing with multiple antennas at the
transmitter and receiver, adaptive beamforming, and greater channel widths, supporting
channels of up to 160 MHz width [15]. The aim is to reach Gigabit throughputs in the 5 GHz
band. This band is of particular interest, as it has the potential to provide high throughputs
while operating in the attractive sub-6 GHz band. The operation in the 5.8 GHz ISM bands
(5.725-5.875 GHz) is different in the US and Europe [13]. In the US, the ISM band at 5.8
GHz is used by IEEE 802.11 and can be used indoor, or outdoor. In Europe, it can be used

by non-specific short-range devices, provided that the emission® levels are below 25 mW [19].

"DCF uses physical layer and virtual carrier functions to determine if another node is transmitting. It
allows a station to transmit, following a specified period during which the channel is free. Otherwise, if a
transmission by another node is detected, the station will defer until the transmission has ceased. Following
this, a random back-off timer (ranging from 0 to Contention Window - CW) is activated to determine the
slot for its transmission. The transmission can start at the expiry of a back-off timer. If the transmission is
not successful, the size of CW is doubled. This process is repeated until the transmission is successful, or
packet is discarded.

8The term emission in this thesis, unless otherwise stated, refers to the Effective Isotropic Radiated Power
(EIRP).
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5415 5.25 5:35 5725 5825 585 5.875 5.925
us Indoor/ DFS/TP  U-NII-2B UNI-II-2C DFS/  U-NII- UNI- U-NII- U-NII-4
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Fig. 1.2 Current allocations for 5 GHz band in the US and Europe. Spectrum sharing between
Wireless Access Systems/Radio Local Area Networks with the incumbent services in
5.35-5.47 and 5.725-5.85 GHz in Europe are still under study.

Besides, the Dynamic Frequency Selection (DFS), a mechanism which ensures coexistence
with radar systems is also stipulated. In addition to the ISM band, in 5 GHz band, WLANSs
may operate between 5.15-5.25 GHz (indoor only Europe), as well as in 5.25-5.35 GHz and
5.470-5.725 GHz on a co-primary basis with various radar systems, see Fig.1.2 [13], [20]. The
co-existence is ensured through the use of DFS, as well as Transmit Power Control (TPC),
introduced in 802.11h [15]. Namely, to protect the operation of radars, the DFS functionality
is responsible for the detection of radar signals, and when the signal is detected, for clearing
the channel of a WLAN transmission. Radar systems are used in different applications -
typically weather analysis, maritime and air navigation, and in the military [13]. Two key
features of radars - high antenna gains and sensitive receivers make them very susceptible to
interference. Detection of radar is determined by a WLAN AP through the measurements
of interference, using a detection threshold, which is well above the noise loor. When a
radar signal is detected, the WLAN must cease transmission within a so-called channel
closing time (10s), although it is allowed to send the control information for a certain period,
which must be within the channel closing time. In this way, it can coordinate the changes
when moving from one channel to another. After the channel is cleared, there is a so-called
non-occupancy period when the original channel cannot be used (30 minutes). Although
the principle appears simple, the implementation of DFS is complex, as radar signals vary
in spatial, frequency and time domains. As per TPC, it is responsible for a reduction in
transmission power between WLAN devices. There are two aspects to this mechanism: one
aspect is that the AP advertises the maximum power permitted on a particular channel; the
second aspect is that the optimum power level is determined based on the quality of the
link between the AP and the station. These features ensure that minimum power, necessary
for communication between the devices, is used to reduce the overall RF transmissions, and

ultimately interference to other systems.
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8The 802.11 standard now also supports the operation in millimetre wave band in 60
GHz band, using 802.11ad standard. In this way, the operation using much wider channels,

available in 60 GHz band, is included in the unlicensed 60 GHz spectrum?.

Finally, it should be noted that in 802.11e, support for Quality of Service (QoS) is proposed.
This standard uses Hybrid Coordination Function (HCF) [15], which divides the transmission
time between the devices. During the transmission time, a device may send multiple frames,
after an initial contention; hence, the users with good network conditions can achieve better

throughput than with typically used DCF mechanism.

1.2.2 Relieving cellular networks of data traffic load

WiFi networks have played an essential role in enabling a mass market for wireless data
services. They are extensively used for offloading traffic from the cellular networks!? and
carry a huge portion of the world’s data traffic. Namely, according to Cisco data, in 2014
45% of cellular traffic (1.2 exabytes/month) is offloaded. The 2014-2019 forecast states that
this will rise to over 54 % (28.9 exabytes/month) by 2019.

Offloading takes place in a way that a user equipment within a range of a WiFi access point
switches to the access point for data connectivity. The switch from cellular network to WiFi
occurs as soon as the availability of an AP is detected. Different performance aspects of
offloading cellular data traffic to WiFi networks are considered in some early works, see for
example [22], [23].

While offloading cellular data traffic is one of the key methods of carrying the data traffic,
there are a number of challenges associated with the way WiFi offload currently works [24].

Some of them include:

o A variety of implementations of network selection and traffic steering in the user

equipment, which makes it difficult to provide consistent user’s experience.

e The decision to switch to WiFi is based on a single WiFi AP, regardless of the

conditions in that access point, which may be under a heavy load.

¢ In some cases, the switch to WiFi may result in a reduced performance due to e.g.

differences in backhaul capability.

o The users may experience ping-pong effect, in a mobile environment where the signal

strength of cellular and WiFi may be similar.

9There are four channels - 2.16 GHz wide, [21].

0There are also solutions that perform the offloading from WiFi to cellular, provided by the companies
such as Republic Wireless. Scratch Wireless. The recently announced Google’s Project FI also aims at
offloading traffic from WiFi to cellular. These solutions are, however, not considered here.
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From a cellular operator’s perspective, there are a number of other, system-level challenges.
Firstly, and most importantly, WiFi offload does not provide QoS or congestion management,
as there is no control over radio resources or the quality of backhaul. There are also other
issues. They include a lack of solutions that integrate security, authentication and billing
across the two technologies and that provide unified deep-packet inspection solutions [25].
Both cellular and WiFi communities recognise these challenges. As a result, in recent years,
a number of solutions have emerged aiming to provide a level of integration between the

two technologies. Some of them are described below.

1.2.2.1 Activities on inter-radio access technologies

In the last few years, 3GPP on one, and WiFi Alliance, IEEE and Wireless Broadband
Alliance (WBA) on the other side, have proposed a number of standards towards better
interworking between WiFi and cellular technologies, [24]. To give the reader a flavour,
below are some of them (mainly 3GPP-based) defined for different releases'! [24], [26], [27]:

o Dual-Stack Mobile IP (DSMIP) introduced in Release 8 to enable IP address preserva-
tion across the networks, but requires a dual-stack (IPv4 and IPv6) server in the core

network, and dual-stack capable user terminal [28].

o In Release 9, a Local IP Access (LIPA) solution is proposed for home base stations
(femto cells), allowing cellular traffic to bypass the cellular network. This solution

requires the additional functionality in the home base stations.

o In Release 10, there are several solutions proposed. They are Selected IP Traffic Offload
(SIPTO), Multi-Access PDN Connectivity (MAPCON), and IP Flow Mobility (IFOM).
SIPTO provides a mechanism for offload of traffic from the core network and applies
to femto and macro cells. In MAPCON, multiple IP addresses are associated with
different packet networks via a different access network. The core network performs
steering of traffic connected to various access networks. In the case of IFOM, the user
equipment has the same connection, but different flows can be routed through two
access networks. IFOM also requires dual stack in the user equipment and support in
WiFi.

e Security and authentication are one of the key challenges in a greater integration of
the two access networks. Release 2 of Hotspot 2.0 standard, which is a WiFi industry
initiative, aims to bring some of the cellular network functionality regarding security,
automatic login, network selection and policy provisioning to WiFi. Hotspot 2.0
Release 2 came out in 2015. 3GPP Release 12 aligns with some of the Hotspot 2.0

functionality.

Note that 3GPP specifies functionality in Releases. A particular release refers to functionality and set of
features available in the release, and at the same time provides a stable baseline for developers.
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o Intelligent Network Selection with Access Network Discovery and Selection Function
(ANDSF) is an optional network element in cellular networks and has been evolving
since Release 8. It is designed to guide the user equipment in relation to network
selection (non-3GPP), based on a local environment - 3GPP and WiFi, and set of

network and specific user policies.

Finally, it should be noted that the recent focus of 3GPP has turned towards studying the
solutions that would extend the operation of cellular systems into WiFi bands at 5 GHz.

Related work and discussion on this topic are left for Conclusion in Chapter 8.

1.3 Advent of Dynamic Spectrum Access & Cognitive Radio

This section looks at the advent of dynamic spectrum access (DSA) schemes and cognitive
radio (CR), as these topics have ignited a huge amount of research on different aspects of
spectrum sharing. Particularly, the discussion here is centred around the spectrum sharing
models proposed in the literature, relevant for the future cellular communications systems.
Few spectrum sharing models that have emerged from this research are described, namely
TV White Spaces, LSA - the spectrum sharing model in 2.3 GHz being standardised in
Europe, and in the US, spectrum sharing in 3.5 GHz.

1.3.1 Dynamic Spectrum Access & Cognitive Radio - Definitions

The term Dynamic Spectrum Access (DSA) is an umbrella term found in literature, encom-
passing a broad range of spectrum access models that enable a more efficient spectrum use
through different forms of spectrum sharing. As such, DSA can be seen as the antithesis
to the static spectrum allocation that dominated radio communications for more than a
century. An enabling technology for DSA is Cognitive Radio. Cognitive Radio (CR) has
been proposed in [29] as a radio aware of its environment, with the ability to learn from it,
to identify the best spectrum opportunity for the efficient and reliable communication, and

to adjust its operating parameters accordingly, [30], [29]. CR does this by:

¢ detecting spectrum opportunities using a variety of techniques, such as spectrum

sensing, cooperative spectrum sensing, geo-location database or beacon signalling [31]
¢ deciding on the best spectral resource to use, based on the user requirements
e coexisting with other spectrum users or coordinating spectrum use with them
+ maintaining smooth communication during the transition to other channels [32].

Regarding the standardisation efforts for DSA and CR, it is worth noting the IEEE Standards
Committee on Dynamic Spectrum Access Networks (IEEE DySPAN-SC)!2, which operates

2http: //grouper.ieee.org/groups/dyspan /index.htm]
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under the IEEE Communications Society, and aims to develop standards related to a more
efficient use of spectrum. IEEE DySPAN-SC has a number of Working Groups (WGs).
Particularly, the IEEE 1900.1 WG has been developing standard definitions and concepts
for dynamic spectrum access. In Europe, the European Telecommunications Standards
Institute (ETSI)!? and its Radio Reconfigurable Systems (RRS) Technical Committee (TC)
are defining standards with a focus on software defined radio (SDR) and standards beyond
what is within the IEEE scope. There are four ETSI RRS WGs, which deal with system
aspects (WG1), reconfigurable radio equipment architecture (WG2), cognitive management
and control (WG3), and public safety (WG4) [33].

This chapter will not further discuss the CR and DSA capabilities. The reader is re-
ferred to a plethora of research and standardisation in this domain. For example, [34]
provides an overview of some of the recent techniques, potential challenges, and future
applications of CR. [35] reviews the state-of-the-art and the advances in spectrum sensing.
A survey of the main standardisation efforts in cognitive radio networks up to 2011 is given

in (36]. In [37], survey of cognitive radio MAC approaches is presented.

1.3.2 Brief discussion on spectrum sharing models

Spectrum sharing is intrinsically linked with spectrum dimensions, as they facilitate spectrum
sharing between different entities. The major spectrum dimensions are frequency, time and
space, although power can also be considered closely linked with space. In [38], frequency,
time, space, power and polarisation are referred to as the main spectrum dimensions. Oth-
ers, such as [13], refer to frequency, time, space and information (code) domains. In [39],
spectrum is defined as N-dimensional ’electrospace’, where the N depends on the number
of characteristics of radio signals that receiver technologies can separate from one another.
Regardless of a dimension, or a combination of dimensions that facilitate spectrum sharing,
they are also intertwined with other aspects. They include the hierarchy of the entities
sharing spectrum, the level of cooperation between them, and spectrum sharing scenarios

that are considered.

It is evident from the discussion in this chapter that spectrum sharing is a complex subject,
and that the models relevant to the future cellular systems will, therefore, need to incorporate
a number of aspects. These include regulatory and licencing aspects, architecture choice -
i.e. centralised or distributed architecture, spectrum access behaviour and others. Different
works address the classification differently - see for example older works [32], [38], [40], and
more recent ones such as [41]. From the perspective of this work, the following planes of

classification are identified:

13ETSI is a European standardisation organisation, which defines global standards for information and
communication technologies.
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e Spectrum management (licencing) mode, which defines whether a spectrum band is
reserved for the exclusive use, if it is open access, or whether it can be used in a hybrid
mode, with a hierarchy of defined primary and secondary spectrum entities. The
spectrum management mode is, hence, specified by the regulator. Ezclusive use means
that a single entity has the exclusive right to transmit. In [38], it is pointed out that
the identity of the owner and the type of use can change - either through a transfer
of a licence (secondary market) or through spectrum allocation by a central entity
that manages spectrum. Exclusive use is defined similarly in [42], [43]. Open access
allows a number of systems to use the same band. In most works, this management
mode is termed commons. There may be many flavours of the open access/commons
model. In [38], commons are divided into uncontrolled commons, private commons
and managed commons. In the uncontrolled commons, spectrum is unlicensed and
shared between an unlimited number of users/entities, as is today’s ISM band. In
the managed commons model, [38] envisages a distributed management protocol,
supporting heterogeneous systems and users. The challenge, according to the authors,
is scalability and rule enforcement. In [40], the distinction is made between coexistence
and cooperation between spectrum users. In [44], the authors refer to the unlicensed
mode as the mode where spectrum is shared with other unlicensed systems, although
in some special cases, there may also be a primary user of the band. The hybrid model
is a cross between the two modes, and in [38], [42] and [43], it is divided between
spectrum overlay, and spectrum underlay. Spectrum underlay allows transmission even
while a primary user is present, as long as the transmission is at a very low-power
level. An example of spectrum underlay is Ultra-Wideband (UWB). In spectrum
overlay, the transmission by a sharing entity is managed in a way that the secondary
user opportunistically uses spectrum. In this mode, when and where an entity may

transmit is decided based on the presence of a primary system.

e Hierarchy, which determines whether the systems have equal rights to transmit, or
there is a hierarchy of the access/transmission rights. In the case of vertical sharing, a
primary user enjoys interference protection from the secondary users. A typical example
of a hierarchical system is TV White Spaces. Here, TV receivers enjoy protection from
co-channel and adjacent channel interference caused by other (secondary) transmitters.
Secondary transmission occurs in TV channels that are not used by the TV transmitters
in a specific geographical area - these channels are referred to as TV White Spaces, see
subsection 1.4.1, p.12. Regarding horizontal sharing where entities have equal rights,
it is also important whether the sharing systems are heterogeneous or homogeneous.
Sharing between heterogeneous systems is more complex and requires, amongst others,
spatial coordination - for example, in [45] the difference in coverage between different
systems (DVB-T and GSM/UMTS) is pointed out. The authors in [44] argue that the

highest sharing efficiency is obtained when systems use the same or very similar radio
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access technology. In this case, the spectrum sharing entities can coordinate the usage
of spectrum with high granularity built into transmission systems (and standards),

and in this way, they can minimise the interference.

e Spectrum access behaviour, which characterises whether the sharing systems cooperate,
or only coexist. Cooperation typically requires a degree of commonality between the
systems, and implementation of explicit signalling, [40], [44]. In the case of cooperative
spectrum sharing, the systems must communicate to avoid interference while in the
coexistence model, the systems avoid interference without explicit signalling [40]. The
author points out the drawbacks of e.g. coexistence approach in a commons model
that has no limit on the number of devices that can access the band, posing a risk of
significant mutual interference. In the case of cooperative commons, the author points
to the potential gains of such an approach (i.e. increase in the capacity of the system).
However, this approach also poses challenges, particularly concerning security and

definition of a protocol to enable the cooperation.

o Spectrum access techniques refer to the techniques used to implement spectrum sharing.
A number of techniques have been developed for different sharing models. They range
from geo-location database-based techniques to the ones using spectrum broker, to
spectrum sensing and DFS-based techniques [31], [44]. It is clear that some of them
are centralised (e.g. techniques using spectrum-broker), whereas others are distributed

(e.g. DFS and sensing techniques).

Fig. 1.3 depicts the above-discussed planes, similar to [44]. The spectrum management
mode, or the licencing plane, is at the top. From there, there is a range of interconnections
regarding hierarchy and heterogeneity of the systems. At the bottom plane are spectrum
access techniques, determined by the top plane, and the interconnections between different

planes in the middle.

1.4 Main aspects of specific spectrum sharing models

This section outlines the major aspects of a few, well-defined models, stemmed from the
research in the domain of CR and DSA: TV White Spaces, 3.5 GHz Citizens Broadband
Service and Licensed Shared Access (LSA). As the thesis draws on certain aspects of these

models, in the following chapters, the relevant descriptions are provided.

1.4.1 TV White Spaces

TV White Spaces provide spectrum opportunities in Very High Frequency (VHF) and UHF
TV Bands in the US (54-216 MHz and 470-698 MHz) [46], and the TV UHF band in Europe
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Licensing plane

Licensed
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broker database protocol

Spectrum access techniques

Fig. 1.3 Different planes of classification. Licensing mode is on the top and spectrum access
techniques are at the bottom.

(470-790 MHz) [47], [48]'. TV White Spaces are channels not used by the Digital Terrestrial
Transmitters (DTT) and other incumbent users (mainly wireless microphones) and have
become available as a result of a switch-over from analogue to digital TV transmission!®.
Hence, TV White Spaces represent spectral opportunities in space, but also in time, as
certain channels are not used all the time [50]. In TV White Space model, both in Europe
and the US, a geo-location database plays a central role in protecting the incumbents (DTT
receivers, and wireless microphone users) from co-channel and adjacent channel interference
by the entities using the TV White Spaces. The database provides TV White Spaces
users with the information on the available channels, permitted power levels, and other
transmission parameters [47], [46]. Both models distinguish between different types of
devices, according to whether devices have the capability to access the database, but also
other aspects. The approach to determining transmission parameters for TV White Spaces,
however, differ between the two regions. In the US, there are so-called exclusion zones,

where no TV White Space device (TV WSD) can emit - the exclusion zones refer to the

The switch from analogue to digital TV also cleared some channels - e.g. 790-862 MHz in the EU [49],
referred to as digital dividend, which are subsequently allocated to cellular services.

"®Every digital channel through compression of digital (visual and audio) signal allows the transmission of
a number of digital programmes, making much more efficient use of spectrum
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co-channel and the adjacent channel, and depend on the antenna height of the device. The
power limits are fixed, based on the device type. Outside the exclusion zones, TV WSDs
are allowed to transmit at maximum power, again, according to the device type. In the
European method, permitted transmit power varies, and is calculated depending on the
spatial and the frequency distance of a TV WSD to the closest incumbent user, and taking
into account permitted transmission leakage [47], [51], [52]. The calculations for permitted
transmission parameters are calculated across the pixel-based grid (100mx100m), and for
every considered channel, and also provide time validity [47], [52]. It should be noted that
several standards organisations have been specifying different aspects of the operation in TV
White Spaces. ECMA International'® developed ECMA-392 that specifies MAC sub-layer
and a physical (PHY) layer for cognitive wireless networks operating in TV bands. IEEE
802.22 Working Group on Wireless Regional Area Networks (WRANS) is responsible for
developing PHY /MAC standards for a cognitive radio [53]. which targets providing the
connectivity in rural areas. Another standard, based on 802.11af has also emerged, focusing
on urban environments [54]. WeightlessSIG [55] is the standard that targets connectivity
for machine-to-machine (M2M) devices using TV White Spaces. Besides, in 2011, the IEEE
DySPAN-SC created the White Space Radio Working Group to develop the IEEE 1900.7
standard, specifying use cases, PHY and MAC sublayer and coexistence requirements in TV
White Spaces [56]. In Europe, ETSI RRS WGL is active in producing technical specifications
for system aspects, such as [57] and [58]. For example, in [57], the system architecture for
operations in UHF TV Bands is specified, allowing the operation of both - coordinated and
uncoordinated TV WSDs, while the architecture and procedures for exchanging information
between different databases are specified in [58|. These specifications are taken as input

into the European standards, such as [59] and [60].

Finally, it should be noted that there is a significant body of research work in the do-
main of TV White Spaces - Chapter 6 gives an overview of the research in TV White Spaces,

which is pertinent to the thesis.

1.4.2 PCAST Report & 3.5 GHz - Citizens Broadband Service

PCAST report [7] was issued in 2012. It represents a milestone in setting out strong
recommendations regarding the need for spectrum sharing, proposing a creation of spectrum
"'superhighways". The report envisages identifying 1000 MHz of the US Federal spectrum,
which would be shared by different wireless services and recommends a number of measures.
They include aspects such as dividing the spectrum into significant frequency blocks with
‘’common characteristics’; managing spectrum based on both - transmitter and receiver

characteristics; and encouraging the unlicensed spectrum use. In the report, a three-tier

'Ecma International is an industry association working on the standardisation of Information and
Communication Technology and Consumer Electronics - http://www.ecma-international.org/default.htm
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spectrum access hierarchy is proposed, centred around a database. At the top of the
hierarchy are Federal users, with the exclusive right to spectrum use, but who can exclude
other spectrum users from availing of the spectrum. Second in the hierarchy are Priority
Access (PA) users, who can be high-power or low-power users. PA users have to register
with a database, and they may or may not pay for access to spectrum, depending on the
policy. Finally, the third tier in the hierarchy is Generalized Authorized Access (GAA) i.e.
the low-power users who do not have to pay for spectrum use, but have the lowest priority

in spectrum access.

Following issuing of the PCAST report, the FCC conducted a number of consultations for the
3.5 GHz band, with the aim of opening this band otherwise used by defence radar systems
and fixed satellite service. In April 2015, the FCC adopted the final rules for commercial
use of 150 MHz in the 3550-3700 MHz band (3.5 GHz Band) [61]. The ruling follows the
recommendations of the PCAST report, regarding hierarchy and tiers. The bottom, GAA
tier occupies the whole band while users in PA tier may operate in the 3.55-3.65 GHz
part of the band, in a license area that consists of a single census tract. Each PA licencee
(PAL) is assigned a 10 MHz channel and the license of three years. Considering that a
limited number of PALs are issued and that they are mutually exclusive, the FCC intends to
perform competitive bidding to resolve conflicting applications. Also, aggregation of PALs is
permitted, and up to four PALs can be aggregated in a licence area. Frequencies that are not
designated to the PA tier may be used by the bottom GAA tier in the 3.55-3.65 GHz band.
All devices must register with the database - the Spectrum Access System (SAS). Another
entity in the system is the Environment Sensing Capability (ESC), which is a system of
sensors aimed to detect the presence of the incumbent in the band, and/or adjacent to it
[61]. There are two categories of devices - one operating with a maximum emission of 30
dBm (Type A), and the other operating outdoors only, with emission levels up to 47 dBm
(Type B) in rural areas, and up to 40 dBm in all other areas. Type B device type can only
emit if permitted by ESC. All devices must employ TPC. As per the exclusion zones, FCC
adopted a phased approach. Initially, geographic exclusion zones are to encompass 80 km
radius from the designated radar locations. The CBS devices with an EIRP up to 30 dBm
(in a 10 MHz bandwidth) would be authorised to operate outside exclusion zones during this
phase. However, higher power operations would not be permitted. In the second phase, the
exclusion zones would be turned into protection zones i.e. the zones where CBS devices may
emit with the permission of SAS and ESC [61]. PCAST report and subsequent FCC ruling
have also sparked a significant amount of activities and research. Related work pertinent to

the thesis is given in Chapter 7.
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1.4.3 Licensed Shared Access

LSA is a spectrum sharing framework being defined by the Electronic Communications
Committee (ECC)!". It represents a regulatory framework in Europe [62], targeting under-
utilised spectrum bands below 6 GHz. LSA follows the industry initiative named Authorised
Shared Access (ASA), first unveiled by Nokia-Siemens Networks (NSN) and Qualcomm in
2011, as a response to a Radio Spectrum Policy Group (RSPG) consultation on cognitive
technologies [6]'®. Following on from this initiative, EC instructed RRS WGs to take on
the standardisation efforts for LSA [63]. LSA represents an "individual licensing regime",
complementing the existing licensed and license-exempt regimes. It allows a limited number
of entities to share spectrum with the incumbent. The general description of the LSA
framework can be found in [62]. It should be noted that the LSA licensee and incumbent
of the band cannot provide the same service. Under the framework, the exclusive use of
spectrum is guaranteed as the aim is to ensure consistency in Quality of Service (QoS) for all
authorised users of the band. The access to spectrum is determined based on an agreement
between the incumbent and a potential LSA licensee, and also takes into account the
requirement on vacating the band upon the incumbent’s request. The role of the regulator
is to grant the individual right to use to the LSA licensee. The main functional entities in
the LSA architecture are the LSA Repository, which contains all the relevant information
about the spectrum, and the LSA Controller, which manages the access to spectrum, based
on the information provided by the LSA Repository. The current focus of LSA regulatory
activities is on the 2.3-2.4 GHz band, which is the globally allocated band for mobile service
and cellular network operators, as the additional users of the band. The harmonisation of
the band was completed in 2014 [64]. The technical conditions in the band depend on the
nature of the incumbent. Typical incumbents in Europe in this band include Programme
Making and Special Events (PMSE) links, fixed links and military systems [65].

In relation to the standardisation of LSA, the reference design, architecture and inter-
faces are specified within ETSI - for example [66], [67] and [68], while CEPT ensures
technical harmonisation between different national administration in relation to LSA [62].
For example, CEPT report [65] describes possible sharing options and considerations for
several types of incumbents. An overview of regulation and standardisation activities can
be found in [63]. Also, Chapter 6 presents state-of-the-art in the domain of LSA, related to
the thesis.

1"BECC, within CEPT, is responsible for radio communications and telecommunications matters.
18RSPG is an advisory group to the EC in the development of radio spectrum policy.
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1.5 Why is there no real progress?

It is evident that spectrum sharing is a complex subject, which requires a synchronised
approach and developments on many fronts - technical, standardisation and regulatory. The
proposed solutions also need to have commercial viability. The sections outlined earlier are
the evidence of huge developments in the domain of spectrum sharing. Despite these, the
real progress to systematic spectrum sharing is lacking. The dominant sharing model in the
ISM bands has been very successful, triggering a global availability of wireless technologies,
particularly WiFi networks, which have seen a huge rise in popularity. However, the sharing
model of the ISM bands, particularly the one at 2.4 GHz, cannot be the ultimate sharing
model due to the reasons discussed in 1.2.1: the requirement for a better spectrum utilisation
and efficiency; and simply as this is the model initially created decades ago, and as such
does not fully leverage significant technical advances made in this period. Further, the
WIiFi networks within the ISM bands only represent one type of sharing model, i.e. the
commons model. WiFi networks, as they are today, suffer from inconsistent behaviour
in congested environments with a variety of backhaul solutions, which may or may not
provide the required level of service. The CSMA /CA mechanism is spectrally inefficient,
and there are a number of extensions to the standard that have not gained widespread
support, making it somewhat disjoint. However, the role of WiFi networks in alleviating the
burden from the cellular networks has been remarkable. This has been recognised, and, as
a result, in the last few years, there has been a rise in the number of solutions by 3GPP
and WiFi communities aimed at a tighter integration of the two technologies. The solutions
offer a different level of integration/interworking, but most require additional entities and
interfaces. The widespread deployment is lacking, although it is yet to be seen whether the
solutions such as Hotspot 2.0 will be widely adopted. Nevertheless, regardless of the type of
integration provided between the cellular and WiFi system, it represents merely a solution
aimed at integrating one type of a band, or bands (WiFi), with the cellular systems and is

not a holistic approach to the question of spectrum as it considers one band at a time.

There are also issues concerning other models described in this chapter. For example,
the LSA model in Europe although proven to be technically feasible, and having harmonised
conditions in the band (2.3 GHz) has not taken off. So far, only a single country (France) has
shown an interest in the actual use of band for sharing, although, considering the restricted
area in which the incumbent uses the spectrum, it could be argued that there is very little
spectrum sharing involved [69]. As per TV White Spaces, despite becoming a well-defined
model after thirteen years of regulatory activity, the path its widespread use does not seem
to be straight forward. The biggest hurdle in the past was the fact that the use of sensing
in detecting TV White Spaces had to be abandoned. The use of sensing techniques is

however not precluded in the future, but currently, it is the database-controlled model that
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prevailed'. More importantly, however, at WRC-15, the 694-790 MHz bands were allocated
to mobile broadband in ITU Region 1, which makes it a globally harmonised band for mobile
mobile services [70]. In the US, the TV White Spaces spectrum is set for auction to cellular
operators, with only a portion of the spectrum left for TV White Spaces. This rules out
the use of this spectrum globally, despite the fact that it will be utilised in some countries -

notably in the UK, where Ofcom has recently approved its use, and in some African countries.

Finally, it needs to be noted that significant steps in the right direction have been made.
Namely, the need for systematic approaches to spectrum sharing has been identified and
strongly advocated - notably in [6] and [7]. In 3.5 GHz band, the FCC has just passed the
final ruling on the shared use of this spectrum. Also, at the time of writing of this thesis,
Google has successfully demonstrated the SAS database. However, systematic spectrum

sharing has to come at a faster pace.

1.6 Proposed way forward

Given the discussion in the chapter, the focus of the thesis is on enabling systematic spectrum
sharing through the use of existing, globally available standard, which will allow different
types of spectrum sharing. As the cellular communication systems are the most widely
available radio access technology, the thesis turns to the cellular communication system
based on Long Term Evolution (LTE) and LTE-Advanced.

LTE is a radio access technology based on orthogonal frequency-division multiplexing
(OFDM) waveform and discrete Fourier transform spread OFDM (DFTS-OFDM) on the
uplink, [71]. The first release of LTE - Release 8 was specified in 2008. Today, LTE is
deployed in more than 140 countries. It defines downlink peak rates of up to 300 Mb/s on
the downlink and 75 Mb/s on the uplink. The LTE Release 8 already provides a rich set of

features, including [71]:
o flat, simplified and fully IP-based architecture
o Orthogonal Frequency Division Multiplex (OFDM) as a waveform

o multiple access combining frequency and time planes using Time Division Multiple
Access (TDMA) and OFDM access (OFDMA)

o various forms of multi-antenna transmission

¢ spectrum flexibility that allows the use of LTE in a number of different frequency
bands

19Gensing-only device are permitted to operate in the US with the FCC certification.
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e support for both types of duplexing - TDD and FDD
o bandwidth flexibility through support of different channel widths
o beamforming.

LTE-Advanced is the same cellular technology like LTE, where "Advanced" relates to the
fact that apart from the functionality supported by LTE, the additional functionality is
introduced that meets the ITU-specified International Mobile Telecommunications (IMT)-
Advanced requirements. The IMT-Advanced requirements include, for example, the trans-
mission bandwidths of at least 40 MHz. Also, peak spectral efficiency of 15 b/s/Hz on the
downlink and 6.75 b/s/Hz on the uplink, and control plane latency that does not exceed
100 ms and user plane latency up to 10 ms are specified [72]. Hence, LTE-Advanced relates
to the functionality provided from Release 10 onwards. It supports the IMT-Advanced
features, and for this reason, it is considered that LTE-Advanced is a true 4G system, [72].
Furthermore, LTE/LTE-Advanced is the first truly global cellular technology for the network
operators, as it is the next step for CDMA2000 and UMTS operators alike [71]. Therefore,

the central question the thesis addresses is:
How can spectrum sharing be systematised within LTE-Advanced?

In that regard, the thesis looks at the major features of LTE-Advanced that allow ag-
gregation and joint use of spectrum resources from multiple bands, also supporting different
channel widths [72]. Furthermore, the LTE-Advanced features address not only spectrum,
but also architecture aspects targeting both - networks with centralised, and distributed
baseband processing functions. These features are Carrier Aggregation and Dual Connectiv-
ity. Carrier Aggregation is introduced in LTE-Advanced Release 10 and enables aggregation
of different blocks of spectrum to form larger transmission bandwidths of up to 100 MHz.
It addresses spectrum aggregation in the architectures with a centralised processing of
baseband functions. Dual Connectivity is the later addition to the feature set, introduced
in Release 12, and enables a joint use of spectrum resources in networks with distributed
baseband processing. Considering these inherent capabilities of LTE-Advanced, it is natural
the thesis utilises Carrier Aggregation and Dual Connectivity in providing the proposed
solution, hereinafter referred to as the sharing framework. The sharing framework was
first introduced in [73]. The framework aims to combine different types (classes) of shared
spectrum resources with the spectrum that is exclusively owned by the cellular operator. For
this, Carrier Aggregation and Dual Connectivity provide a solid basis, as spectrum sharing
can be deeply embedded in the wireless communications system. Furthermore, the framework
proposes to address a variety of future deployment scenarios that will invariably include

multi-layer networks utilising different baseband architectures with dense deployments of
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low-power nodes [5]. Hence, more specifically, the thesis emphasis is on addressing the

following questions:

e How can sharing with the different spectrum classes best be incorporated
into LTE-Advanced?

o In what way can the QoS requirements be maintained when using shared

spectrum?

o What are the implications of using different baseband architectures for the

sharing framework?

1.7 Summary of contributions

The main contributions of the thesis are as follows:

1. The thesis proposes well-defined, LTE-Advanced based spectrum sharing framework:

o The framework embeds spectrum sharing deep in the LTE-Advanced system by
considering spectral resources, which may come from different frequency bands. In
that, it relies on the existing LTE-Advanced mechanisms of Carrier Aggregation

and Dual Connectivity.

o It defines a three-tier spectrum-sharing approach that incorporates different
classes of spectrum - statically assigned exclusively owned (EO) spectrum and two
different shared spectrum classes. The spectrum sharing classes - the exclusively
shared (ES) and commonly shared (CS) spectrum are two broadly defined models,
characterised by the key identified attributes to reflect the intrinsically different
spectrum resources. In this way, the framework addresses the heterogeneity of

spectrum resources.

o It addresses the relevant cellular network topologies and architectures, featuring
different types of nodes - macro and low-power nodes (LPNs). The particular
focus is on heterogeneous networks, where LPNs are overlaid on a layer of macro
cells. The framework considers the low, medium and high density of LPNs;
and the underlining centralised and distributed architectures from the baseband
processing point of view. The baseband architectures correspond to heterogeneous

networks featuring Remote Radio Heads (RRHs) and small cells.

2. The framework proposes a spectrum selection mechanism that, as selection criteria,
considers the two typically conflicting objectives - QoS, and the cost of spectrum. The
QoS is defined in terms of end-user performance and a range of target values that the

network should deliver. The spectrum selection mechanism addresses the issue that
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cellular operators often regard as a barrier to spectrum sharing - the lack of control
over QoS. On the other hand, a reduction in cost is always an incentive for the cellular
operators. The proposed spectrum selection mechanism reflects different spectrum
sharing models and incorporates the cost of exclusive transmission, directly related to

acquiring spectrum resources from the ES spectrum class.

3. The thesis presents an extensive system-level performance and QoS versus Cost analysis
for the centralised baseband (CBB) architecture with Carrier Aggregation. It considers
a low and a medium density of LPNs, with a range of parameters of significance for a
heterogeneous network deployment. The shared spectrum classes and key attributes
are derived from the most relevant spectrum sharing initiatives - TV White Spaces
and LSA.

4. The thesis provides a comprehensive system-level analysis of the centralised and
distributed baseband (CBB and DBB) architectures. The analysis relies on Carrier
Aggregation and Dual Connectivity in 3.5 GHz band, with a low, medium and high
density of LPNs. The contribution is three-fold:

(a) It provides performance and QoS versus Cost analysis, taking into consideration
a range of parameters for a heterogeneous network deployment that include:
different density of LPNs, network load, power levels, availability of the CS band,
intra- and inter-system interference, and target QoS. The shared spectrum classes
and key attributes are derived from the 3.5 GHz Citizens Broadband Service
band.

(b) It identifies the difference the baseband architecture makes for the sharing

framework.

(c) It puts forward the Sensitivity Analysis that, for a given density of LPNs, evaluates
the impact of each of the parameters and their interaction with regard to the

proposed spectrum selection mechanism.
There are also other contributions. They include:

5. extending the existing Matlab-based HetNet simulator to support the Carrier Aggregation-

based scenarios

6. identifying the key required control plane and signalling aspects to support the proposed

framework.

1.8 Thesis map

Before the map of the thesis is presented, it should be noted there is no separate chapter on

the related work and state-of-the-art. Namely, certain chapters deal with distinct aspects
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of the framework, while throughout the thesis, different sharing models are considered.
Hence, for better readability, it was deemed more appropriate to discuss related work and

state-of-the-art within each chapter.

The thesis is organised in the following way:

o Chapter 2 describes the main aspects of the three key components used as a basis for
the thesis: the heterogeneous topology with the multi-layer network featuring macro
and LPNs; two distinct baseband architectures - CBB and DBB; and two prominent
features of LTE-Advanced - Carrier Aggregation and Dual Connectivity.

o Chapter 3 presents the main idea of the framework and associated challenges.

o Chapter 4 describes the initial analysis in building the spectrum sharing framework,

with a focus on the characterisation of the shared spectrum.

o Chapter 5 explains the key aspects of HetNet simulator and its extension HetNet+,

which is selected as one of the main tools for modelling the framework.

o Chapter 6 presents the analysis of the proposed framework, using CBB architecture,
with shared spectrum derived from TV White Spaces model and LSA.

o Chapter 7 describes the analysis of the complete framework, using both baseband
architectures, in 3.5 GHz band. This chapter also includes the sensitivity analysis for

the two architectures.
o Chapter & gives the conclusion and future work.

o Appendix 1 contains the sensitivity analysis tables.
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Chapter 2

Spectrum Meets Architectures

The aim of this chapter is to provide the reader with the required background on all the main
components used later in the development of the proposed spectrum sharing framework. The
sharing framework proposes to avail of the dominant LTE-Advanced system and its inherent
capabilities. This requires defining how fragmented, heterogeneous spectrum resources may be
combined using specific LTE-Advanced features, taking into account the underlying topologies
and architectures. The focus is on the topologies and architectures that are to dominate the
future cellular systems. Hence, the chapter starts with the description of the topologies in
Section 2.1. What follows in Section 2.2 is a brief discussion of the requirements, advantages
and challenges of the two distinct baseband architectures - CBB and DBB. The discussion
then returns to the subject of spectrum and the two LTE-Advanced features designed to
provide the aggregation of spectrum resources - mamely, Carrier Aggregation and Dual

Connectivity, described in Section 2.4.

2.1 Heterogeneous topologies

An important part of the LTE standard are the network topologies with a mixture of
radio access network nodes, which differ in terms of e.g. physical size, transmit power and
connections to the core network. They are referred to as heterogeneous networks [74] and

are briefly discussed here.

Heterogeneous networks are the networks with a mix of macro and LPNs, with LPNs
distributed throughout the area covered by a macro node. Macro base stations are high-
power nodes, deployed in a uniform manner - transmitting at similar power levels, with
similar antenna patterns and receiver noise floors [75]. The distance between macro base
stations depends on whether the macro node is serving urban, suburban, or rural areas,
and their locations are carefully planned. Their deployment is usually a slow and complex

process, affected not only by the elaborate capacity and coverage planning but also by the
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site acquisitions.

LPNs with their low transmit power and small physical size allow more flexible and cost-
effective deployments, and address the challenges associated with the complex and lengthy
process of deploying macro base stations. Also, LPNs help address a huge increase in
capacity demand, as they enable denser network deployments, where the network is brought
closer to users. The LPN deployments are particularly important to meet capacity demands
in urban, clustered (hotspot) areas, or in providing coverage in small areas with coverage
issues. There are different types of LPNs, such as pico, femto, relay, micro and low-power
RRHs. Typically, transmit power in LPNs ranges from 250 mW to 2 W [76], and in some
scenarios, it goes up to 5 W [77]. It should be noted that RRHs may be low or high-power

nodes. Only low-power RRHs are considered in this thesis.

In heterogeneous networks, a macro topology layer is complemented with a layer of LPNs
[74]. LPNs may operate on the same frequency as the macro tier or may use a different
frequency. Regardless whether they use the same or different frequencies, heterogeneous
networks present a significant shift in how the networks are defined and analysed [78]. Of
particular interest to the thesis are the implications for the topology of the network and
different backhaul connections, although there are other aspects such as cell-association,
mobility, and performance metrics that are impacted [78]. The topology refers to how the
nodes are spaced - whether they use a regular, fixed grid, or their location is irregular.
Unlike macro nodes, LPNs are not regularly spaced and are typically randomly distributed
within a macro cell area. In the remainder of this thesis, the topology layers are referred to
as tiers. Furthermore, two types of LPNs are considered: namely, low-power RRHs, and
small cells. RRHs are the nodes that enable a physical separation of baseband processing
functions, whereas small cells are self-contained nodes. Small cells is a term increasingly
seen in the literature and is an umbrella term that incorporates femtocells, picocells and
microcells [79]. In this thesis, the term small cells generically refers to picocells or microcells,
see Fig. 2.1. Femtocells are not considered, as they are different to picocells and microcells
in that they are deployed by an end-user for indoor communication, and use a connection
to the core network which is not necessarily provided by the same provider as cellular

communication.
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Low Power Nodes (LPNSs)

Remote Radio Heads

(RRHs) Small cells

Fig. 2.1 The classification and types of LPNs considered in the thesis.

2.2 Heterogeneity of baseband architectures

The nodes mentioned in the previous section utilise two different types of system architectures.
To understand what is involved, it is necessary to focus on the signal processing in a cellular
network. Namely, the signal processing in a cellular radio network node is divided into
two parts - baseband processing and radio functions. The baseband processing provides
interface to the core network and performs all L2 and L3 functions, as well as PHY layer
digital processing, namely coding/decoding, modulation/demodulation, channel estimation,
resource and antenna mapping. The radio functions include power amplification, filtering,
and up/down conversion. From the perspective of signal processing and LPNs, this section
discusses two distinct baseband architectures: CBB and DBB, similarly to [80]. The CBB
architecture is present in deployments featuring RRHs, whereas DBB architecture is seen in

deployments with small cells. They are described next.

2.2.1 CBB architecture

RRHs enable physical separation of the radio and baseband units, with all the baseband
functions performed centrally, by the unit typically referred to as baseband unit (BBU), also
referred to as digital unit (DU). An RRH with co-located or integrated antennas provides
the interface to the baseband unit and performs the radio functions'. The architecture
featuring RRHs, therefore, is CBB architecture, with a single interface to the packet core
network, see Fig. 2.2. The digital and radio units are connected using high-quality fibre

links and a standardised interface?. The distance between these two units typically may

'Besides providing the transmitter/receiver paths, RRHs perform analogue-to-digital, and digital-to-
analogue conversion.

2There are few specifications of the interface between baseband and radio units. One is specified by the
European Telecommunications Standards Institute (ETSI) as Open Radio equipment Interface (ORI) while
the two older specifications are industry-based - Open Base Station Initiative (OBSAI), and Common Public
Radio Interface (CPRI) [81].
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range up to 15 km [80], but can be extended up to 40 km. This interface is, actually, an
internal base station interface [80] and is also referred to as a mobile fronthaul [81]. In
3GPP terminology, the interface is referred to as ideal backhaul, as it meets specific, very
stringent requirements for bandwidth, latency and jitter - see Table 2.1. The bandwidth
requirement depends on the sampling frequency that is the channel width, the number of
antennas, the number of sectors, line coding and the sample width [82]. For example, the
required throughput for a 20 MHz channel in LTE (single antenna) is 1 Gb/s [83], while
in [84] a throughput of up to 10 Gb/s is stated as a requirement. The maximum latency
is determined by the response time for fast retransmissions, which in LTE-based systems
use Hybrid Automatic Repeat reQuest (HARQ) mechanism®. According to [85], the total
fronthaul latency should not exceed 250 microseconds, after accounting for latency on the
UL and DL processing and air interface propagation time. In [84], one way latency (which
does not include latency in the transport network), is specified to be less than 2 micro
seconds. Another important aspect of the CBB architecture is that RRHs are inherently

synchronised with the baseband, requiring no additional synchronisation solutions [80].

RF
DAC/ADC

Fig. 2.2 Mix of small cells and RRHs. Small cells use a range of technologies to connect to the
rest of the radio network, and the core network. RRHs use fibre connectivity with very
high throughput, low latency and low jitter to connect to the BBU. Only BBU provides
the interface to the core network.

2.2.2 DBB architecture

Small cells are nodes, each with a full protocol stack and their own antenna, radio and
baseband units, and hence fall under a DBB architecture. They each interface the packet core
network, as well as other radio access network nodes through standardised LTE interfaces -

X2 and S1, respectively, see Fig. 2.2. These interfaces, referred to as mobile backhaul, may

3HARQ is a fast retransmission scheme, which combines error detection and error correction to improve
the link quality [71].
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Table 2.1 Summary of latency and throughput requirements according to 3GPP.

Non-ideal backhaul requirements

Backhaul technology Latency (one way) Throughput
Fiber-access 1 10-30 ms 10 Mbps-10 Gbps
Fiber-access 2 5-10 ms 100-1000Mbps
Fiber-access 3 2-5 ms 50Mbps-10Gbps

DSL Access 15-60 ms 10-100 Mbps
Cable 25-35 ms 10-100 Mbps
Wireless backhaul 5-35 ms 10-100 Mbps

typical, perhaps up
to Gbps range

Ideal backhaul requirements

Fiber-access 4 Less than 2 micro seconds Up to 10 Gbps
(RRH) (does not include propagation
delay)

be provided using a range of technologies - DSL, wireless and non-dedicated fibre. They may
also have different characteristics in terms of latency, jitter and throughput [86]. In 3GPP
terminology, this is referred to as non-ideal backhaul. For latency requirements according to
[84], see Table 2.1.

2.3 Main challenges and differences between the architec-

tures

It is evident that the major challenge for the CBB architecture is a costly transport network
infrastructure. The required bandwidth increases with the number of antennas, number of
sectors and channel width. The latency requirements are very strict, and will also depend
on the distance/propagation delay. Jitter requirements are also very stringent [81]. Also,
the baseband operation requires an increased level of resilience, compared to the DBB
architecture, as the central location serves a greater number of users. Nevertheless, the
CBB architecture provides a number of advantages. Firstly, it enables pooling of baseband
resources (for connected RRHs), which in itself provides statistical multiplexing gain, com-
pared to the DBB architecture [82]. Secondly, it enables implementation of sophisticated
LTE techniques regarding interference management, implemented through interference
coordination, advanced scheduling and joint transmission. The features include enhanced
Inter-Cell Interference Coordination (eICIC), and Coordinated MultiPoint (CoMP)*. Thirdly,

the CBB architecture enables a reduction in power consumption through a decrease in

4€ICIC is an LTE-Advanced feature introduced in Release 10, enabling coordination between the cells
in time domain in order to tackle the interference. CoMP is also an LTE-Advanced feature, which enables
dynamic coordination of scheduling/beamforming between the cells aiming to reduce the effects of interference,
with scheduling performed by a single cell, but tightly coordinated with the neighbouring cells. It also enables
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the use of baseband resources and cooling requirements [82] and provides flexibility in
placement of RRHs. Finally, the CBB architecture with RRHs is part of the Cloud RAN
architecture. Cloud-RAN enables large-scale baseband processing and cloud computing

through the centralisation of baseband resources [82].

The DBB architecture with small cells, on the other hand, allows the use of different
backhaul technologies and is a less costly transport solution. As such, it allows a more
ad-hoc approach to providing capacity where and when needed, without having to meet
special requirements on the transport infrastructure. In the context of LTE-Advanced, it also
supports the use of features such as CoMP scheduling and eICIC but requires time-alignment
between the cells. This means there are additional requirements on the synchronisation
accuracy between small cells. Furthermore, in the case of coordinated scheduling (CoMP),
potential gains are lower than would be the case with the CBB architecture, as coordination
would be typically considered over a longer interval than the transmission interval [80]. Also,
considering the trends towards network densification and a high number of LPNs, that is
small cells, the amount of signalling over X2 (the interface between the radio access nodes)
and S1 (the interface to the core network) needs to be taken into account, as there will be a

requirement to increase coordination between the cells.

Finally, it should be noted that besides the above mentioned advantages of the CBB
architecture, Cloud RAN enables the use of network function virtualisation techniques.
They, although different from data server definition of virtualisation [87] techniques, should
allow better management and deployment of radio access nodes, benefiting from common
execution environment for radio and core networks and providing better responsiveness. At
the same time, it is recognised that it will not be feasible to adhere to the huge bandwidth
and strict latency requirements everywhere. Hence, the industry and operators are looking
at selective centralisation of Cloud RAN architecture, which considers functional split at
different points in the protocol stack (e.g. PHY split, where all PHY processing is done at a
remote site) while still enabling many benefits of the Cloud RAN architecture [87], [85].

2.4 Aggregating spectral resources in heterogeneous base-

band architectures

Chapter 1 laid out some of the challenges in bringing about a systematic approach to
spectrum sharing and concluded with the suggestion to use LTE-Advanced as a basis in
achieving this objective. LTE-Advanced has inherent capabilities to deal with the fragmented
spectrum resources, supporting both architectures. It does that through Carrier Aggregation

joint processing/transmission, which requires all participating cells to process the data, and coordinate the
transmission to the user [80].
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and Dual Connectivity. Carrier Aggregation is designed to support aggregation of spectral
resources from different LTE bands. Spectral resources are managed through the use of
centralised baseband processing and a single MAC sublayer that provides the scheduling
function - see discussion in 2.4.1.7. Dual Connectivity is a later addition to the LTE-feature
set, applicable to distributed baseband processing, enabling simultaneous use of spectrum
resources for a user connected to two nodes, where each node has its own complete user
plane protocol stack. The two features, therefore, represent an excellent set to deal not only
with the fragmented spectrum, but also with the heterogeneity of topologies and baseband

architectures. The following subsections describe the main aspects of the two features.

2.4.1 Carrier Aggregation

Carrier Aggregation is by now a well-defined feature of LTE-Advanced, which enables
aggregation of different blocks of spectrum to form larger transmission bandwidths of up
to 100 MHz, with peak data rates of 1 Gb/s on the DL and 500 Mb/s on the UL. Each
of the aggregated frequency blocks is referred to as Component Carrier (CC). There are a
few ways in which CCs can be aggregated. The aggregation can be performed within the
same LTE band, using contiguous or non-contiguous CCs - referred to as intra-band Carrier
Aggregation. CCs can also be combined using spectrum from different LTE bands, which
represents the case of inter-band Carrier Aggregation. These cases are depicted in Fig. 2.3.
Intra-band contiguous Carrier Aggregation may be less common given today’s fragmented
spectrum allocation, making inter-band Carrier Aggregation a necessity for a number of
cellular operators. Of particular interest is the inter-band Carrier Aggregation, where CCs
may come from LTE bands that are significantly far apart and, therefore, have very different
propagation characteristics. Carrier Aggregation is supported on the UL and the DL, as well
as in both LTE Time Division (TDD) and LTE Frequency Division Duplex (FDD) systems®.
It supports aggregation of up to five CCs. Different CCs do not need to have the same
bandwidth. To ensure backwards compatibility with the LTE, the CCs have the same width
as in LTE: 1.4 MHz, 3 MHz, 5 MHz, 10 MHz, 15 MHz and 20 MHz [89]. While asymmetric
configurations on the UL and the DL are supported, the number of CCs on the UL, however,
cannot exceed the number of CCs on the DL [90]. The reason for this is that each UL CC is as-

sociated with the DL CC, as the DL CC carries scheduling grants for transmissions on the UL.

Aggregation of carriers has been defined for specific sets of LTE bands. In addition, 3GPP
has defined UE’s Carrier Aggregation bandwidth class, according to the maximum supported
number of CCs and aggregated resource blocks. A UE can then support a combination of

particular band(s) and bandwidth classes - see for example [91]. It should be noted that

®FDD mode separates the UL and DL communication by transmitting in different frequency bands. TDD
mode operates using the same frequency band (i.e. channel), and the separation between the UL and DL
communication takes place using guard bands in the time domain [88].
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Frequency Band A Frequency Band B

PCC SCC ScC PCC

Contiguous Non-contiguous
carrier aggregation intra — band carrier aggregation
SCC PCC
Frequency Band A Frequency Band B

Inter — band carrier aggregation

Fig. 2.3 Intra- and inter-band Carrier Aggregation. CCs can be of different widths. Primary
component carrier and secondary component carriers are defined per a user.

there are many aspects of Carrier Aggregation feature that may be discussed. They include
the implementation of transmitters and receivers, particularly for the cases of non-contiguous
intra-band, or inter-band aggregation, the UL operation of Carrier Aggregation, as well as
aspects related to the management of CCs, to name only a few. The aim here is to give
a brief overview of the main aspects, some of which will be drawn upon in the following

chapters.

2.4.1.1 Deployment scenarios

3GPP has identified a number of deployment scenarios where Carrier Aggregation can
be used [90]. The most straightforward deployment scenarios are the ones where CCs
have similar power levels and come from the same band, Fig. 2.4a. In Fig. 2.4b, cells
from frequencies f; and f; are overlaid, but they belong to different bands i.e. (f2 > f1).
This is inter-band Carrier Aggregation scenario, where fy has a smaller coverage due to
a greater path loss. Such a case could also be feasible with f; and f, belonging to the
same band, but with different transmit power levels. In Scenario ¢, f; and f; cells provide
overlapping coverage using separate antennas. By pointing the antennas of certain carriers
at inter-sector boundaries, the throughput for cell-edge users can be increased. Another
possible deployment scenario is an inter-band scenario where RRHs provide capacity hot

spots, Scenario d.
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Scenario c) Scenario d)

Fig. 2.4 Deployment scenarios as envisaged by 3GPP. In scenarios a), b) and ¢), both component
carriers - f; and f, - operate on macro nodes. In scenario d), f; is employed by macro
tier, whereas f> is deployed on the tier of RRHs.

2.4.1.2 Protocol impacts

To preserve backward compatibility with LTE carriers, in Carrier Aggregation, each CC
maintains its PHY configuration. This means that parameters such as modulation and
coding schemes are defined separately, per a carrier. Such protocol architecture allows the use
of different MIMO schemes and power settings for different component carriers. Regarding
MAC layer, the MAC sublayer responsible for retransmission is set per a component carrier.
However, there is a single MAC sublayer, responsible for data multiplexing and packet
scheduling. Carrier Aggregation is only exposed to this MAC sublayer, and is transparent
to the protocol layers above - Packet Data Convergence Protocol (PDCP) and Radio Link
Control (RLC), see Fig. 2.5, according to [71], [92]. Single MAC layer requires centralised
baseband processing - the reason Carrier Aggregation is used in the CBB architectures.
Finally, it should be noted that the LTE-Advanced Release 10 signalling and protocols
specifications are defined in a generic way, supporting both intra and inter-band scenarios on
the UL and DL. The RF specifications, however, are band-dependent. They also depend on
whether the communication is UL or DL. Therefore, each release defines the RF specification

for a particular band and a particular UL/DL combination.
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Multiple data flows (to the same UE)

RLC

Payload handling

Payload handling

Retransmissions

i PHY
Modulation, coding
| Antenna, resources

LTE-A (aggregated) bandwidth

Fig. 2.5 Carrier Aggregation protocol stack - DL. The scheduler, situated in MAC, controls data
rate.

2.4.1.3 Primary/Secondary cells

For each LTE-A user, one CC is designated as the primary carrier and is responsible for
mandatory functionality, such as security key exchange with the core network or radio link
monitoring®. The serving cell of Primary CC is called the Primary Serving Cell (PCell) and
is the only cell that maintains a dedicated, RRC connection to the network when an UE
transmits the data. Other CCs are called the Secondary CCs, and their corresponding cells
are Secondary Serving Cells (SCells). It should be noted that PCell and SCell designation
is UE-specific. Hence, the same cell can be the primary cell for one UE, and a secondary
cell for another UE. The UE aggregation capability determines the number of serving cells

that can be configured.

Addition and activation of SCells In Carrier Aggregation, the addition, reconfiguration
and removal of SCells is performed by dedicated signalling from the PCell. Fig. 2.6 depicts
the addition of an SCell. Once SCells are added, they can be activated, using MAC control
elements. The deactivation is also performed using MAC, either through control elements
or using the deactivation timer. Hence, the UE does not need to monitor control and data

channels of the deactivated carriers. In this way, the UE battery consumption is reduced, as

6Radio link monitoring is a function which enables a user equipment (UE) to monitor the link on specific
resource elements (pilot signal) when it is in connected mode. The UE can then establish whether it is in
synch or out-of-synch with the serving cell. If a radio link failure is reported as a consequence of a number
of consecutive out-of-synch indicators, the UE stops the transmission and has to establish Radio Resource
Control (RRC) connection again.
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well as the amount of required signalling [90]. The PCell can never be deactivated and is

only changed during the handover procedure.

RRC Connection Setup
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diaed LUECapabiIitylnformationW
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Fig. 2.6 Overview of a signalling flow for the addition of SCell.

2.4.1.4 Tx/Rx architectures

Carrier Aggregation has a significant effect on transmitter (Tx) and receiver (Rx) structures,
depending on whether it is contiguous or non-contiguous intra-band aggregation, or inter-
band Carrier Aggregation. Clearly, the implementation of baseband and RF structures is
much more critical for the UEs than for the base stations. To that end, 3GPP has identified
a few Tx architectural options applicable to different scenarios [93], according to where the
CCs are combined. For example, the contiguous Carrier Aggregation can be supported by
a single baseband and an RF chain. A single baseband requires centre carrier spacing to
be a multiple of 300 kHz, as a least common multiple of LTE channel raster of 100 kHz
and subcarrier spacing of 15 kHz [93]. Inter-band Carrier Aggregation requires multiple
baseband and RF structures. The non-contiguous Carrier Aggregation also requires two
baseband chains, with different up-conversion options [93]. On the receive side, either single
baseband and RF chain is used for contiguous Carrier Aggregation; otherwise multiple
baseband structures and RF chains are required. These, together with the aspects such as
receiver intermodulation and spurious emissions are just some of the challenges related to

the Tx/Rx structures with the introduction of Carrier Aggregation [94].
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2.4.1.5 PHY layer procedures

Synchronisation On the DL of Carrier Agegregation system, the PCell and SCells are

transmitted either from the nodes in the same physical location or the nodes at different

physical locations, e.g. macro nodes and RRHs. As RRHs obtain their synchronisation

from the centralised digital unit, and a user is synchronised in time and frequency with

the PCell (transmitted from the macro node), there are no additional requirements on the

synchronisation in the case of DL transmission. It should be noted that in the UL, the

situation is different, and the use of multiple timing-advance is necessary to compensate for

the difference in the path-length in the case of non-collocated cells. Multiple timing advance
is introduced in 3GPP Release 11 [95].

Cross-carrier scheduling Carrier Aggregation also supports cross-carrier scheduling,
Fig. 2.7, which means that the scheduling information for the DL is not carried by the
associated (secondary) CC, but by another CC and is signalled using RRC signalling.
For that, a carrier indicator is used on the control channel of the carrier providing the
scheduling information [71]. The carrier indicator field (CIF) is appended to Downlink
Control Information (DCI). DCI informs the UE about the DL scheduling assignments,
UL scheduling grants and power control [71]. When CIF is appended to DCI, cross-carrier
scheduling is used, whereby CIF informs the UE which CC is used for transmission of data.
UE transmission can be scheduled using control channel only on one CC. Cross-carrier
scheduling was initially introduced to tackle interference in deployments with heterogeneous
networks, where macro and pico cells operate on the same frequencies. Namely, control
channel that carries DCI must be decoded by the UE at a cell-edge. Hence, using the most
suitable CCs to carry control channels for macro and small cells should reduce the risk of

control channel interference.

Control region

CEy CC,

No cross-carrier scheduling Users on CC, scheduled using
the control region of CC,

Fig. 2.7 Cross-carrier scheduling. Control region on CC2 on the right does not carry scheduling
assignments for its users.
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2.4.1.6 Network modes

As mentioned above, Carrier Aggregation is supported in FDD and TDD modes. In 3GPP
Release 12, support for joint FDD-TDD operation is introduced [96]. Support for joint
FDD-TDD operation also enables flexibility regarding how the network is configured -
namely PCell can be either in FDD or TDD mode.

2.4.1.7 Radio resource management & scheduling techniques

CC configuration In addition to the radio resource management (RRM) function of
LTE, responsible for optimum allocation of radio resources to the users, Carrier Aggregation
introduces new RRM functionality, which in [92] is referred to as CC configuration. CC
configuration, packet scheduling and link adaptation in Carrier Aggregation are depicted

in Fig. 2.8, according to [97]. The CC configuration is responsible for assigning users onto
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Fig. 2.8 Carrier Aggregation introduces L3 CC assignment component. Link adaptation and fast
retransmissions are handled per a CC.

frequency carriers, where a user is assigned to a PCell, based on the signal quality. As PCell
is in charge of maintaining the signalling connection to the core network, a user should be
assigned to a PCell that provides the best signal quality. Subsequently, additional SCells
can be allocated to the user, based on QoS requirements, buffered data and importantly,
the load of the frequency carrier. However, in typical LTE-Advanced systems, the aim of a
cellular operator is also to maximise the utilisation of all available radio resources. Hence, it
is expected that users will be assigned to different carriers to achieve the load-balancing.
Other aspects also need to be taken into account in CC configuration, including fairness

between LTE and LTE-Advanced users, capabilities of terminals, and power consumption
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on the UL [98]7. The CC configuration also needs to take into account the deployment

scenario and users mobility to reduce the core network signalling overhead [99].

Packet scheduling in Carrier Aggregation Besides CC management functionality,
the RRM in Carrier Aggregation enables simultaneous scheduling of users on different CCs,
see Fig. 2.8. The scheduler, situated in MAC, is tightly coupled with the CC activation
mechanism, as users can be scheduled only on the activated CCs. Scheduling in Carrier
Aggregation draws on the scheduling function in LTE systems, with the main task of
allocating spectrum resources in a most optimum way. The scheduler is responsible for
allocation of resource blocks, which are made of 12 consecutive sub-carriers in the frequency
domain and a single 0.5 millisecond-long time slot in the time domain [71]. The scheduling is
performed on a 1 millisecond-basis, where only a single user can be assigned to a particular
resource block (except in cases of multi-antenna transmission, which is not in the scope
of the thesis). Sharing of resource blocks is coordinated by a packet scheduler, situated
in the MAC layer, which represents a key element of LTE/LTE-A systems [100]. Closely
related to scheduling is the link adaptation, which deals with how to set the transmission
parameters to handle variations in the quality of the radio-link, see Fig. Considering that
LTE employs fast scheduling, it is particularly important that packet scheduler uses scalable,
low-complexity algorithms. Hence, to avoid the complexity associated with non-linear
optimisation and consideration of all possible combinations for all users on all resource
blocks, packet scheduler computes metric MT; ;. for each user 7 and resource block k and

assigns user j that maximises the metric ([100], Eq. (1)):
MT;; = arg max MT; (2.1)

Different metrics can be defined, taking into account aspects such as channel quality, through-
put, fairness, delay, buffer state [100]. In [100], an excellent taxonomy of schedulers utilised
in LTE systems is presented. The authors identify five different types of schedulers, which
include combination of channel-aware and QoS aware schedulers, semi-persistent schedulers
for Voice over IP (VoIP) and energy-aware schedulers. One of the most straightforward
schedulers is Round Robin (RR) scheduler, which assigns resources to users regardless of the
channel quality. In this way, RR scheduler provides fairness (in the time-domain), but does
not utilise multi-user diversity i.e. the fact that different users experience different fades on
different sub-carriers - considered by the channel-aware schedulers. Hence, channel-aware
schedulers avail of the channel conditions and optimise frequency resources in time to
maximise the system capacity. A widely implemented such scheduler is Proportional Fair

scheduler (PF), used for packet scheduling for non-guaranteed bit rate services.

"It should be noted that due to the power constraint, CC configuration is of a greater importance on the
UL than on the DL [98].
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Individual proportional fair (PF) algorithm. PF is an SINR-aware algorithm,
meaning that the scheduling is based on SINR values, measured at the user’s receiver over
the resource blocks [71]. The main idea of the PF scheduling is to schedule users with good
instantaneous channel conditions while providing a certain degree of fairness by considering
the past throughput for all users, over a sufficiently long period. Hence, a user j is selected

according to the following general formula [71]:

3 i
J = argmax 7 (2.2)

where r; is the instantaneous rate of user i, and R; is the average user rate over the selected
averaging window. PF algorithm has been extended to Generalised PF (GPF) algorithm,
by introducing two weighting coefficients a and 3 that enable tuning of the efficiency and
fairness [100]:
o [r]*
j = argmax — (2.3)
© (R

where a, 8 € [0, 1] Namely, setting @ = 0 means that the current channel conditions would

not be taken into account and the scheduling algorithm would assign users to the resource
blocks based only on the previous throughput. In other words, such setting maximises
fairness. On the other hand, with § = 0, the instantaneous rate only would matter in the
scheduling decision - maximising efficiency, but without fairness. With @ = 1 and § = 1,
GPF algorithm becomes PF.

In terms of Carrier Aggregation systems, two types of packet scheduling algorithms are
typically seen for data services - individual Proportional Fair (PF) and Cross-Carrier Pro-
portional Fair (CC-PF) algorithms - see [98] and references therein. Individual PF considers
only the radio conditions within a single carrier and allocates users on resource blocks
according to the Eq. (2.2) or (2.3).

CC-PF algorithm. CC-PF extends the PF algorithm across multiple carriers. This
is a more advanced scheduling scheme, which takes into account the the statistics on all
carriers [97], [101]. Hence, for a case with the number of carriers m > 1, the user i on k-th
resource block on m-th carrier with the best metric MT will be schedule [97]:

Y S (2.4
Z ri.m(t)
m=1

where M is the total number of carriers. In this case, the nominator takes into account
the instantaneous channel conditions on each RB of each carrier, whereas denominator

takes into account previous throughput on all carriers. Hence, CC-PF increases the overall
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fairness, but at the expense of an increased computational complexity. Nevertheless, it is
shown in [102] that CC-PF maximises utility, defined as a sum of logarithmic throughputs
once the carriers are assigned to the users. CC-PF algorithm can also be extended to the
Generalised CC-PF form, using weighting coefficients that increase efficiency or fairness

[102]:
a(i) - r(i, k,m,t)

R(i,t)?

j = arg max (2.5)
1

In this case parameter a(i) depends on the user capability to support Carrier Aggregation.

The performance of different algorithms is also highly dependent on the deployment scenario

and coverage characteristics of the considered carriers [101].

There are also other scheduling algorithms that operate over multiple carriers. Some
of them take into account different aggregation capabilities of terminals, or delay - see the
work referred in [98]. It should be noted that the algorithms and their implementation are

not specified by 3GPP, and are left open to base station vendors to specify.

2.4.1.8 State-of-the-Art

Carrier Aggregation within LTE-Advanced is a well-established research topic, with a wealth
of literature that deals with different aspects of the system. General functionality and
system description aspects can be found in [103], [92] and [104]. Thus far, much focus of
LTE-Advanced based Carrier Aggregation has been on the radio resource management [97],
[101]. In [97], a comprehensive resource allocation framework is analysed, with different
load-balancing and scheduling techniques (independent and cross-carrier proportional-fair),
and using both - finite and full-buffer traffic models. In [101], based on the performance of
independent and cross-carrier proportional-fair scheduling for different deployment scenarios,
two techniques for Layer 3 component management are proposed, based on the absolute
or relative quality of the additional carriers in relation to the primary carrier. In [105],
the CC selection mechanism on the UL is evaluated, using a path loss based threshold to
distinguish between power-limited UEs and non-power-limited UEs. In [99], the impact of
different component management schemes on the RRC signalling overhead is evaluated in
a mobility scenario, using a deployment where component carriers have different coverage
(macro cells overlaid with LPNs). In [106], a deployment scenario considering a combination
of LPNs - RRH and pico cells is considered. The deployments with RRHs are referred
to as inter-site carrier aggregation. Deployments with pico cells are considered as typical
HetNet deployments, where macro and pico cells operate on the same frequency. The work
shows that inter-site Carrier Aggregation deployment offers a significant gain in low-load
situations, and also provides better load-balancing and easier mobility management. In [94],
the challenges of terminal implementation for Carrier Aggregation are discussed. Finally, a

comprehensive survey of works in Carrier Aggregation, particularly in the domain of radio
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resource management, the reader is referred to (98] and references therein. More advanced
forms of Carrier Aggregation for Release 12 and beyond are foreseen. A high-level description
of Release 12, including Carrier Aggregation can be found in [107]. The associated features
include joint LTE TDD-FDD Carrier Aggregation, in Release 12 [108], and a number of
additional band combinations and supported carriers on the downlink (DL) and uplink
(UL). Furthermore, in the last year, Carrier Aggregation and Dual Connectivity have been
a subject of numerous activities within 3GPP, and in the industry. The proposal is to use
these features to support the operation in the unlicensed (WiFi) spectrum. The discussion

on this part of related work can be found in the Conclusion in Chapter 8.

2.4.2 Dual Connectivity

This subsection describes key aspects of Dual Connectivity of relevance to this thesis.
Dual Connectivity is introduced in 3GPP Release 12 to support densification of cellular
networks through the use of small cells. The aim with Dual Connectivity is also to enable
simultaneous utilisation of radio resources in distributed baseband architectures over a
range of backhaul technologies with different throughput, delay and jitter characteristics.
Dual Connectivity enables a user to have a simultaneous connection to two nodes, with two
individual schedulers, over a range of backhaul technologies. It is applicable when a user is
in connected mode, where one node is designated as a master node - a Master eNodeB. The
Master eNodeB is responsible for the signalling connection to the core network. The other
node is a secondary node - a Secondary eNodeB, which is added as an additional resource
by the Master eNodeB. Dual Connectivity requires implementation of two MAC layers in
the UE - one for the Master eNodeB, and the other for the Secondary eNodeB [90].

2.4.2.1 Deployment scenarios

Dual Connectivity supports different deployment scenarios, which include co-channel as
well as the inter-frequency operation between macro nodes and small cells [84]. A scenario
featuring topologies only with small cells is also supported. In this thesis, when referring
to Dual Connectivity, the reference is to the scenario where macro nodes and small cells
operate on different frequencies, as depicted by the image in the left corner of Fig. 2.9.

2.4.2.2 Protocol impact

Control plane In Dual Connectivity, while each node controls its radio resources, only a
Master eNodeB maintains the signalling connection to the core network, as depicted in Fig.
2.10. Secondary eNodeB is added to provide extra resources. The coordination between the

Master and Secondary eNodeBs is done using X2 interface.
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Fig. 2.9 Dual Connectivity scenarios in 3GPP. Macro and small cells may operate on the same, or
different frequencies. Small-cells only scenario is also considered.

User plane Dual Connectivity introduces significant changes to the protocol stack on
the user plane. Namely, 3GPP has proposed few architectural options in terms of handling
the user traffic. One option envisages separate bearers between the core network and a
Secondary eNodeB while the other option envisages split bearers between the core and
radio access networks. Namely, in LTE, an Enhanced Packet Service (EPS) bearer, which
carries traffic with a certain QoS, is a packet flow between a Packet Gateway (P-GW) in
the core network and a user [109]. EPS bearer is then mapped onto an Enhanced UTRAN
Radio Access Bearer (E-RAB) between the UE and a Serving Gateway (S-GW). In the
core network, the EPS bearer is mapped onto S5/S8 bearer between S-GW and P-GW. On
the radio access side, E-RAB is further mapped onto a radio bearer between a UE and
an eNodeB, and an S1 bearer between the eNodeB and the S-GW. Hence, each service is
assigned to a particular EPS bearer, according to its QoS parameters [109]. All services

with the same QoS characteristics are assigned to the same bearer [109].

Fig. 2.11 on the left depicts the architectural option in Dual Connectivity with sepa-
rate E-RAB bearers between a UE and an S-GW. In that case, each S1 bearer is terminated
in each of the nodes separately. That is, each node is only involved in the transport of data
associated with its bearer. Hence, each node performs its processing - namely, scheduling
function and buffering is done separately on each node. This option has certain advantages
as it does not require processing of the same packets in different nodes, and the requirements
for the transport network infrastructure are low. There are also disadvantages. For example,

the utilisation of radio resources is not possible in two nodes for the same bearer. Further,
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Fig. 2.10 Control plane for Dual Connectivity. RRC messages are only exchanged between the
Master eNodeB and UE.

the change of Secondary NB due to e.g. mobility is visible to the core network.

The other specified option is the option where an EPS bearer is split between the Master and
the Secondary eNodeBs and is depicted on the right of Fig. 2.11. This option enables spectral
resource ageregation between the nodes but requires routing, processing and buffering the
traffic between the nodes. Furthermore, to avail of the inter-node spectral aggregation, in
this case, there are requirements regarding backhaul performance - it has to offer latency
below 30 ms [110]. Given different characteristics of the various types of backhaul solutions,
see Table 2.1, the focus of this thesis is the option with the separate bearers, as it does not

pose any particular requirements on the backhaul.

2.4.2.3 Master/Secondary eNodeB

Only the Master eNodeB can initiate the addition of a Secondary eNodeB. However, the
modification and release of the Secondary eNodeB can be initiated by either of the nodes,

which is signalled through the X2 interface.

2.4.2.4 Support for Carrier Aggregation within Master/Secondary eNodeB

Dual Connectivity also enables the aggregation of carriers within each tier - the macro tier
or the tier with small cells. When Carrier Aggregation within Master eNodeB is configured,
the same principles as outlined in subsection 2.4.1, p. 31 apply. When additional resources
(cells) on the Secondary eNodeB (based on the UE measurement report or traffic load)
are required, the Master eNodeB may request from the Secondary eNodeB activation of
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Fig. 2.11 User plane for Dual Connectivity. Separate bearers (left) and split bearer (right) options.
With separate bearers considered in this thesis, both nodes have the complete protocol
stack below Packet Data Convergence Protocol (PDCP).

additional cells. It is the role of Secondary NodeB to decide whether it can provide these
additional radio resources and which cell (within the Secondary NodeB cells) will be the
PCell. This cell has to have the UL control channel.

2.4.2.5 Network modes

Dual connectivity supports configuration where Master and Secondary eNodeBs may operate
either in the same or different duplex scheme (FDD or TDD) [110].

2.4.2.6 State-of-the-Art

Dual Connectivity is a relatively recent research topic. Most works focus on evaluating
the possibilities and impacts of splitting control and user plane traffic between a macro
tier and a tier of small cells. For example, in [111], a framework based on splitting control
and user plane in MIMO architecture is proposed. The control plane is established using
macro tier, whereas small-cells tier used for data traffic. For channel estimation, the work
proposes the use of MIMO and user specific reference signals to achieve energy savings and
better efficiency. COMP and Dual Connectivity, with split user-control plane architectures,
is proposed in [112] to overcome the issues with handovers in mobility scenarios. Energy
efficiency using Dual Connectivity is studied in [113], whereas in [114], Dual Connectivity
is aided by the database to achieve better energy efficiency. The work in [115] is focused
on split-bearer architecture and optimal flow control between a Master and a Secondary



2.5 Summary 45

eNodeB in cases when the Master eNodeB has only statistical knowledge of the Secondary
eNB queue state. In [116], the authors analyse challenges in the terminal, and on the UL,

with the focus on split-bearer user-plane architecture.

2.5 Summary

This chapter described the most important aspects of the three key components used as a
basis for this thesis: the heterogeneous topology with a macro tier and a tier of LPNs; two
distinct baseband architectures from the perspective of LPNs - CBB and DBB; and two
prominent features of LTE-Advanced - Carrier Aggregation and Dual Connectivity. The
first part of the chapter focuses on the topology and the baseband architectures, outlining
the main challenges and differences between the two. The CBB architecture poses strict
requirements in terms of jitter, delay and the required throughput on the interface between
the radio and digital unit, and as such is a costly option. However, it provides a number
of advantages, such as the implementation of advanced scheduling, joint processing and
interference management techniques, as well as pooling of resources. It also provides energy
and other efficiencies associated with the centralised processing. From the transport network
perspective, the DBB architecture is clearly a more cost-effective solution and provides
greater deployment flexibility. However, it poses limits regarding supported features and
the gain they can provide. Further, the chapter described Carrier Aggregation and Dual
Connectivity - the two features that used through the thesis. Carrier Aggregation provides
an elegant solution for the aggregation of spectrum resources from different LTE bands, with
different channel widths. It is applicable only in the CBB architectures. Dual Connectivity
offers a simultaneous connection of a user to two radio access nodes with distinct schedulers,
where each of the nodes have their own user-plane protocol stack. It supports different
options regarding user plane handling, and also requires additional signalling between Master
and Secondary eNodeBs to provide the core network with the information regarding the
radio resources on the Secondary eNodeB. Dual Connectivity is only applicable to the DBB
architectures. Dual Connectivity also supports the aggregation of spectral resources in

accordance with the Carrier Aggregation feature.

The next chapter turns to defining the spectrum sharing framework and the overall challenges

and outlines specific challenges this thesis addresses.



Chapter 3
The Sharing Framework

The last chapter described the key characteristics of Carrier Aggregation and Dual Con-
nectivity, as defined in LTE-Advanced. It is clear that they are powerful tools for dealing
with fragmented spectrum and supporting different baseband architectures. This chapter
outlines the proposed framework, including the spectrum-sharing model, different baseband
architectures and how the two features underpin the whole framework. As outlined in Chapter
1, the framework concentrates on DL communication. The chapter starts with Section 3.1,
which describes the most important aspects of the framework, whereas Section 3.2 outlines

challenges in developing such a framework. Section 3.3 provides the summary.

3.1 The main propositions of the framework

Given the primary objectives the framework is set out to address - namely, embedding
spectrum sharing into LTE-Advanced system and providing attainable methodology that

will encourage spectrum sharing, the following are the main propositions:

o Carrier Aggregation and Dual Connectivity should be used as the basis for the
framework as they provide flexibility in addressing the heterogeneity of spectrum. The
features enable aggregation of spectrum resources from different frequency bands. The
aim of the framework is to broaden the type of spectrum the LTE-Advanced standard
considers. Namely, in addition to spectrum exclusively owned by a cellular operator,
the framework should also employ shared spectrum. Furthermore, the intention is
to consider shared spectrum resources that are intrinsically different in a number of
aspects. They should reflect distinct features of different spectrum sharing models,
such as spectrum availability, access rights, permitted power-regime, interference

protection, and usage fee.

e The framework should address both CBB and DBB architectures, particularly in the

light of future cellular network deployments featuring heterogeneous networks with a
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variety of transport network solutions. Carrier Aggregation and Dual Connectivity

should be ideally suited as they support the two baseband architectures.

The framework also proposes to introduce a mechanism that deals with two typically
competing objectives - QoS, and cost of spectrum. Both aspects are of particular
importance to cellular operators. QoS should be defined in terms of the end-user
performance metric for a specified service. Hence, it is directly related to the QoS
that is planned and offered by a cellular operator [117]. The framework, therefore,
proposes to use an end-user performance metric and appropriate target values that
the network should deliver. The mechanism should also consider that the exclusivity

regarding transmission in certain spectrum sharing models envisages usage fee.
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Fig. 3.1 The main concept of the proposed framework. Spectrum resources considered in the

selection criteria depend on the baseband architecture. The objective and selection criteria
determine how the shared carriers are used.

Fig. 3.1 depicts the main concept of the proposed framework. The following subsections

describe in more details its main propositions.

3.1.1 Spectrum classes

The framework proposes a three-tier spectrum approach, where spectrum resources belong

to what are referred as different spectrum classes, first introduced in [73].

e EO spectrum where a single entity i.e. a cellular operator is licenced to transmit in a

given block of spectrum (channel)!, in a particular area, typically for several years.
The cellular operator controls the radio resources entirely within its channel. This

type of spectrum use is the most prevalent in cellular communications today.

'The terms block of spectrum and channel are used interchangeably in this thesis.
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o ES spectrum class provides an exclusive right to transmit, enforced through a cen-
tralised control of access to spectrum by a spectrum manager or a spectrum broker.
The spectrum manager is responsible for radio resource management to maximise e.g.
revenue [118]. In this case, a single entity, i.e. a cellular operator, leases a block of
spectrum, for a specified (short) period of time - seconds, minutes, or hours. The
access to spectrum envisages a usage fee. In return, the cellular operator is guaranteed
the in-channel and adjacent-channel interference protection. The transmission power
regime may be high-power. An example of this architecture may be found in [119],
where a spectrum broker coordinates a short-term spectrum lease applicable to a

region as small as the area covered by a single base station.

e CS spectrum class provides no guarantees on the availability or the quality of spectral
resources. A number of entities may access the same block of spectrum, free of cost.
Power levels may be determined by the number of entities accessing spectrum, but are
usually low. Although there may be a limit on the number of entities transmitting
in the channel, there are no guarantees on the interference levels. This approach
embraces a number of variations of commons, or licensed shared use [120], [40], but

without defining the rules for access to the medium.

It should be noted that each spectrum class, as defined within the framework, should not
be considered only with respect to a single band or a channel within the band. On the
contrary, it is envisaged that each spectrum class should contain a number of bands and
corresponding channels. Particularly, it is expected that the proposed classification regarding
the ES and CS spectrum classes is broad enough to incorporate different bands currently
identified for spectrum sharing, as well as future spectrum sharing bands. In other words, it
is envisaged that there will be a one-to-many mapping between the shared spectrum class
and the bands/channels. The thesis, however, focuses on a single ES and a single CS band,

particularly on a single channel within each band.

3.1.2 Topology & spectrum employment

The spectrum-sharing framework embraces different topologies - macro only, or a topology
with a heterogeneous network, featuring a mix of macro cells and LPNs. In this thesis, of
particular interest is heterogeneous network topology, where LPNs are either RRHs (CBB
architecture) or small cells (DBB architecture). The proposed employment of spectrum

within different architectures is summarised below.

3.1.2.1 Employment of EO spectrum

It is recommended that the EO spectrum be used on a macro tier in both baseband

architectures. The macro tier should provide the functionality found in the current networks,
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i.e. as is. The frequency carrier of the EO spectrum, within the framework, is referred to as
principal carrier. All users should have access to this carrier, which is suitable for providing
mobility and coverage, but should also be used for data transmission. Principle carrier,

hence, should provide:
o synchronisation between a macro cell and all terminals in the cell
e basic system information for UEs to access the cell
e control signalling related to scheduling and transmission acknowledgements

o cell-specific (pilot) signals needed for channel estimation, also used as a basis for basic

procedures such as cell search and handover?
e spectrum resources for data transmission.

In addition, the framework proposes that the principal carrier in the CBB architecture
should also carry the additional, control information related to the shared carriers. This is

further discussed in Chapter 7.

3.1.2.2 Shared spectrum employment

In the framework, the frequency carriers of the shared spectrum resources are referred to as
shared carriers. They should be deployed on the tier of LPNs - RRHs and small cells.

CBB architecture In the CBB architecture, LPNs are RRHs, and the baseband process-
ing is done centrally, with a single MAC sublayer. Hence, in the framework, the spectrum
resources from the ES and CS classes are proposed to be employed on the tier of RRHs.
The existing Carrier Aggregation mechanism of adding and activating SCells, explained in
the previous chapter (see p. 34), should be reused to facilitate the addition and subsequent
activation of a number shared carriers. In this architecture, the spectrum resources from
all spectrum classes should be aggregated and scheduled according to a defined scheduling

metric.

DBB architecture In the DBB architecture, Master and Secondary eNodeB implement
each their own scheduler. In the framework, it is proposed that macro node should operate
as Master eNodeB, and will be referred to as a master node. Similarly, small cells should act
as Secondary eNodeBs, and will be referred to as secondary nodes. Hence, in the framework,

master and secondary nodes should each implement their own, separate scheduler. The

2Channel estimation is used for coherent demodulation, which is the demodulation used in LTE/LTE-
Advanced systems. On the other hand, cell search is one of the basic operations in cellular communications,
which enables the terminal to synchronise with a cell and obtain the cell identity. It is also required to
support mobility. Handover refers to a process of changing the cell that provides control and data channels
when a user is in connected state. Tt follows the cell search procedure [71].
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existing mechanism in Dual Connectivity should be used to request the activation of shared
carriers on small cells. Furthermore, the framework considers the option with separate
bearers to be of interest, as it allows the use of any backhaul solution, as discussed on p.
41. This means that, for a particular service, a user could utilise only spectrum resources
from either a master or a secondary node. As the framework focuses on the performance of
a single service with the shared carriers, the users within the framework could, therefore,
avail of the spectrum resources from the secondary nodes only. For the purpose of control
signalling to and from the core network, the users would still use a master node, utilising
appropriate Dual Connectivity mechanisms. The framework also recommends that within

the secondary nodes, the aggregation of resources between ES and CS spectrum takes place.

3.1.2.3 Network mode

From the perspective of the network operating mode, the proposed spectrum sharing model
and topologies within the framework should support operation in both - FDD and TDD
mode, as well as a mixture of FDD and TDD modes. Namely, both duplex options have
advantages and disadvantages. FDD mode is more suitable for symmetrical applications, as
spectrum is paired. Furthermore, as there is no time delay in the transmission/reception,
the FDD mode reduces delay for MAC and HARQ [88]. Also, due to a presence of a
typically large guard band, the UE-UE interference is negligible, as well as the interference
from one base station to another. However, FDD has a number of disadvantages. Firstly,
FDD requires paired spectrum and a large guard band between UL and DL bands, which
does not utilise spectrum resources in a best possible way. It also requires extra spectrum
planning and is not suitable for asymmetrical applications. Furthermore, one of the big
disadvantages of the FDD mode is that it requires channel state information, which also
has to be quantised in the receiver before it is reported to the transmitter. This not only
contributes to a significant signalling overhead but also degrades the fidelity of information
regarding the channel state [88]. Finally, FDD requires more expensive hardware - separate
local oscillators for UL and DL, sharp filters and duplexer [88]. TDD mode, on the other
hand, operates using unpaired spectrum and, therefore, enables a more flexible spectrum
utilisation and asymmetric allocation of spectrum resources. Secondly, TDD does not
require channel feedback and quantisation of channel state information due to the existing
reciprocity of the channel response on the UL and DL [71]. This leads to better optimisation
of transmit parameters, although it may not always provide the transmitter with a complete
knowledge of the channel conditions. However, one of the greatest disadvantages with TDD
is a requirement for the radio frame synchronisation to avoid the base station-base station
interference and UE-UE interference. The guard interval between UL and DL transmissions,
in this case, needs to cater for the propagation delay of the largest cell. Clearly, the larger
the cell is, the greater is the required guard interval. There are also other disadvantages with
TDD. They include a delay for MAC and HARQ), as well as outdated channel information,
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which can be an issue in time-varying channels [88].

Given the above, the framework recommends a mixture of FDD and TDD modes, as
one of the most suitable options. Namely, the FDD mode should be more appropriate for
the EO spectrum due to its wide adoption for the licensed bands and support for continuous
transmission. FDD mode is also better suited to a greater cell size. On the other hand, from
a shared spectrum perspective, the TDD mode may be more advantageous as it should not
require a paired spectrum to support UL and DL communication. Furthermore, TDD mode
should be more appropriate for LPNs due to their smaller cell size. Hence, the framework
proposes setting in a mixed FDD/TDD mode, but it does not preclude other solutions - e.g.
pure FDD mode. It should be noted that the analysis of the framework in the thesis focuses
on the pure FDD mode.

3.1.3 Spectrum selection mechanism

At the core of the framework is a proposition to use the alternative shared spectrum resources,
in addition to the EO spectrum. Such a proposition should also include a methodology
for a cellular operator that defines how to utilise the shared spectrum. Clearly, such a
methodology should take into account that i) the CS band may be available and is free - but
provides no guarantees on the quality of spectrum resources; ii) the ES spectrum provides
guarantees on the availability and the exclusivity of transmission, but at a cost. Also, the
methodology should also take into account QoS that a cellular operator plans to offer. The
methodology, hence, should be about defining the objective and criteria for selection of
shared spectrum resources. The recommendation is that the method, referred to as spectrum
selection mechanism, is centred around minimising the cost of shared spectrum for the
cellular operator, while meeting target QoS. As the cost of the ES spectrum may envisage
other, ancillary cost, such as the cost of providing the interface towards a spectrum broker,
or administrative fees, it is recommended that the cost of ES spectrum include the cost of
access to the spectrum band only. Furthermore, the cost should be directly proportional to
the amount of spectrum required. In this way, within the framework, the objective then
translates into minimising the amount of spectrum resources coming from the ES spectrum
while meeting the required QoS. Certain QoS aspects are addressed in Chapter 4 while

Chapters 6 and 7 define and analyse QoS requirements in more detail.

3.2 Challenges in developing the framework

It is evident that there are many challenges in developing the proposed framework. They
relate to different facets of the spectrum selection mechanism, as well as to the overall

impact of the considered architectures. Broadly, they can be classified into three groups.
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The first group of challenges relates to characterising the shared spectrum and is described

below.

e One of the challenges includes shared spectrum access architecture, where ES and CS
spectrum classes, by definition, are expected to have different ways of accessing and
releasing spectrum resources. They are also likely to use different spectrum access
techniques. In developing the framework, certain assumptions are made about the
spectrum access architecture. For example, in the ES band, a centralised spectrum
manager /broker, which controls the access to spectrum is envisaged. This is a typical
centralised spectrum management approach discussed in many works that consider
dynamic spectrum management, for example, [121], [122]%. The assumptions are also
made about the CS band. They also draw, in the main, on the proposed spectrum
sharing models, such as TV White Spaces [47], [46] and CBS [61], where the use of a
database is stipulated.

e Spectrum modelling, which enables evaluating different classes of shared spectrum
to select appropriate spectrum resources, is also one of the challenges. Spectrum
modelling requires appropriately characterising the ES and CS spectrum and drawing
on cognitive radio functions, detailed in e.g. [45]. In the context of the proposed
sharing model, modelling spectrum envisages addressing aspects such as: identifying
spectrum bands for sharing; characterising their availability and the interference;
characterising the cost of bands; and determining appropriate transmission parameters,

such as permitted power, channel widths, and others.

Hence, for the first group of challenges, the aspects related to the shared spectrum architec-
ture are substantively covered in the literature and are not analysed further in the thesis.
On the other hand, characterising shared spectrum is fundamental to the spectrum selection
mechanism and the simulation-based analysis in the thesis. It is therefore addressed first, in
Chapter 4.

The second group of challenges pertains to the analysis and performance of specific topolo-
gies, supported by Carrier Aggregation and Dual Connectivity. Hence, they also include
challenges related to the spectrum selection mechanism, considered within the context of
the identified topologies. Furthermore, there is a coinciding challenge concerning the best

way to model the system. Hence, the challenges include:

e QoS criteria - identifying the type of services the framework should address, and
adopting the appropriate performance metric. Again, parallels to the spectrum

decision functions in cognitive radio and cognitive radio networks can be drawn on

3 Also see discussion in [45]. In [123], the signalling procedures for the centralised spectrum management
in future cellular (LTE-Advanced based) networks that incorporate dynamic spectrum access are proposed.
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- see, for example, [124], [45], [125]. Furthermore, within the framework, the QoS
criteria also need to reflect the fact that multi-user scenarios should be analysed.
Therefore, addressing this challenge should answer the questions on which service is
considered [126], how the performance metric reflects a multi-user scenario, and what

are the requirements to achieve the required performance.

o Resource management - tightly coupled with the challenge on the QoS criteria as it
directly affects the performance of a cellular system. The proposed spectrum sharing
model features heterogeneous spectrum resources. There is, therefore, a challenge

regarding scheduling algorithms that should be used within the framework.

e Modelling the framework addressing the questions of what methods to use - i.e. should
analytical methods be used or if the framework should be modelled using simulations.

System-level simulations are proposed to be used.

o Control plane aspects, relating to a question of how is the control plane affected in

the framework and how it refers to the architectures with LPNs.

All challenges outlined within Group 2 are intrinsic to the questions the thesis and the
framework should address. Chapter 4 addresses initial aspects related the QoS. The chal-
lenges of the QoS criteria and resource management are dealt with in Chapters 6 and 7.
Chapter 5 addresses one of the tools for the system level simulations, whereas control plane

aspects are dealt within Chapter 7.

There are other challenges that the proposed framework poses. They include issues related to
the implementation, the hardware aspects - particularly RF structures, as well as regulatory

challenges. These challenges are beyond the scope of the thesis.

3.3 Summary

In this chapter, the spectrum sharing framework that is central to the thesis is presented. The
framework is set to provide a comprehensive and systematic approach to spectrum sharing by
using a three-tier model that embraces different forms of spectrum. The framework provides
wider transmission bandwidths by reusing Carrier Aggregation and Dual Connectivity of
LTE-Advanced. It incorporates spectrum resources from the prevalent EO spectrum class,
and two different classes of the shared spectrum - ES and CS. The ES spectrum class is an
example of the centralised spectrum sharing model, offering short-term leases of spectrum
and guarantees on spectrum quality. The CS class is a case of open access spectrum but does
not provide guarantees on the availability, or quality of spectral resources. Furthermore, the
framework is set to address and evaluate heterogeneous networks with different baseband

architectures. This not only means that the framework supports spatial densification through
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the use of LPNs, but that it addresses the underlying transport network requirements. This
is one of the major aspects that need to be considered in networks featuring LPNs. Finally,
at the core of the framework is the spectrum selection mechanism, which aims to address
QoS requirements, while minimising the cost of acquiring spectrum resources from the ES
spectrum. It is evident that the challenges in developing such a framework are significant.
This thesis addresses some of them. It seeks to answer key questions stemming from the
challenges dealing with spectrum modelling, objective and selection criteria, topologies and
modelling the framework. The initial analysis, described in the next chapter, aims to address

certain aspects of spectrum modelling and QoS.



Chapter 4
Spectrum Characterisation

This chapter explores some of the challenges associated with the characterisation of the shared
spectrum classes. Furthermore, the objective is to address certain aspects of the spectrum
selection process. The chapter considers a simple scenario, where ES and CS spectrum
classes lay in the same band and where few spectrum properties in the CS band are singled
out and considered - namely, the availability and interference. Regarding selection criteria,
the focus is on signal-to-noise (SNR) and signal-to-noise-and-interference (SINR) aspects.
The chapter is organised in the following way: Section 4.1 outlines the aspects considered
in the chapter and describes spectrum characterisation, whereas Section 4.2 presents the
spectrum selection process. Section 4.3 sets out the system model, including input parameters.

Section 4.4 describes the results, while Section 4.5 concludes the chapter.

4.1 Attributes & characterisation of spectrum classes

The ES and CS shared spectrum classes discussed in the previous chapter reflect two distinct
features of the spectrum sharing models - the exclusivity of transmission and common/open
access. Clearly, for a cellular operator, the preference would always be to use ES spectrum
that would provide it with complete control over the radio resources and with guarantees
for the interference protection. However, the ES spectrum comes at a cost. Therefore, for a
cellular operator, there would always be trade-offs regarding cost and QoS that need to be
balanced. To understand the trade-offs, it is necessary to characterise the two spectrum
classes. Spectrum characterisation requires firstly identifying the appropriate attributes of
the shared spectrum and then describing them. In this section, key attributes of the two

shared spectrum classes are considered.

4.1.1 Frequency bands

To remind the reader, the ES spectrum class in the proposed spectrum sharing model should

have an exclusive right to transmit, granted by a spectrum broker. The access to spectrum
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envisages a usage fee. The CS spectrum class provides no guarantees on the availability or
the quality of spectral resources. Different entities may access this spectrum, free of cost.
Furthermore, as the thesis builds on system-level simulations rather than on an analytical
model, the spectrum characterisation requires selecting specific frequency bands. In this
chapter, the ES and CS spectrum classes are chosen to be in the same frequency band at
2 GHz. In this way, the analysis is entirely focused on the difference in the quality of the
two types of spectrum resources and avoids dealing with differences related to the path
loss. Also, the focus of the thesis is on LTE-based systems, which as the multiple access
mechanism use a combination of OFDM and time division. Namely, a frequency band
is divided into a number of resource blocks, which are the units of resource allocation in
LTE/LTE-Advanced systems. Each user is allocated a number of resource blocks within the
transmission time!. Hence, considering the above, it is envisaged that both - the ES and CS
spectrum bands consist of a number of resource blocks, whereby each user is allocated a

certain number of resource blocks.

4.1.2 Availability of shared spectrum

According to one of the central premises of the thesis, the ES band is entirely available
to the cellular operator. It should be noted that this assumption is valid within a period
specified by the spectrum manager. The thesis does not consider the time aspect of spectrum
availability. For the CS band, its availability is analysed through the availability of its
resource blocks. Their availability, however, is not guaranteed and can be described as a
random process. Characterising spectrum availability by using a statistical model is one of
the fundamental cognitive radio functions. Hence, any one of the various models describing
spectrum occupancy developed for cognitive radio networks, see for example [127], [128] and
the ones referred in [129], may be used to represent the availability of the CS resource blocks.
In this chapter, the model presented in [127] is adopted, as it characterises the probability
of channel availability using Beta distribution. Beta distribution from [127] is selected
to reflect the non-identically distributed, independent probabilities of the availability of
resource blocks. In other words, the probability of availability of each resource block is
different, which may better reflect a more realistic scenario, particularly when considering
channels in various shared bands. Also, in [127], Beta parameters are validated through
spectrum measurements in two different locations. Furthermore, Beta distribution may
cover a broad range of shapes that characterise channel availability, depending on the values

of the shape parameters - see Eq. (4.3).

'In LTE systems, in the frequency domain, the resource block is a group of 12 consecutive subcarriers, which
stand 15 KHz apart, making a single resource block 180 kHz wide. In the time domain, the resource blocks are
defined over a single slot of 0.5 milliseconds. The resource allocation takes place on a subframe-by-subframe
basis, where two time-slots make a subframe (1 millisecond).
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4.1.3 Interference

Interference - co-channel and adjacent channel - is one of the most important factors to
model, as it is a primary reason for a capacity reduction. In the proposed framework,
it is one of the main differentiating factors between the ES and CS bands. The focus

2. The spectrum sharing framework

of the thesis, however, is on co-channel interference
differentiates between intra- and inter-system interference. Intra-system interference relates
to the interference caused by the transmitters that belong to the same entity e.g. a cellular
operator. This type of interference can be controlled using methods such as ICIC of LTE,

which is based on the fractional frequency reuse?.

Hence, within the framework, both bands suffer from intra-system interference. Besides,
in the CS band, inter-system interference is also present - caused by the transmitters that
belong to different entities. A particular challenge in modelling the interference in the CS
band is related to the fact that it requires a defined access protocol/etiquette. In [130], two
ways of modelling the interference between heterogeneous systems are discussed from the
information-theoretic perspective. One treats interference as additive noise, whereas the
other one uses Listen Before Talk (LBT) mechanism employed in WiFi networks. In the
thesis, interference is treated as additive noise. A user connects to the node that provides
the highest received power, whereas transmission by all other (non-serving) nodes is treated
as interference. This particular model is adopted as it is utilised in cellular systems. It also

does not require defining any particular access mechanism or coordination between the nodes.

In this chapter, a simplified model is adopted to evaluate the effects of the difference
in the interference levels experienced by the two spectrum classes. The assumption is that
the ES spectrum is characterised by the effects of noise only, as the cellular operator entirely
controls the spectrum band. It is, therefore, considered that intra-system interference is
below the noise floor. In the CS spectrum, the effects of inter-system interference are

characterised by inter-cell interference within the operator’s network.

In the remainder of the thesis, the term interference refers to co-channel interference unless stated
otherwise.

3ICIC is a mechanism defined in LTE Release 8, which enables the exchange of information between
the cells regarding the transmit power on particular resource blocks. This information can be used by the
neighbouring cells to coordinate the scheduling of cell-edge users [71]. ICIC is based on fractional frequency
reuse, which entails splitting the coverage area of a cell into regions, which use different sub-bands for the
transmission. The cells’ neighbouring areas do not use the same sub-bands to avoid the interference for
cell-edge users. Typically, different power levels are used in the various regions of the cell.
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4.1.4 Cost of shared bands

The basic premise of the spectrum sharing framework concerning the cost of shared bands
is used throughout the thesis: the ES spectrum envisages a usage fee, whereas the CS band

is free.

4.1.5 SNR/SINR distributions

The quality of spectrum in this chapter is reflected entirely through SNR/SINR distributions.
In the ES spectrum, the SNR distribution illustrates the distance-dependant path loss
(between a base station and a user), including the effects of noise and log-normal shadowing?.
In the CS band, in addition to the effects of path loss, shadowing and noise, inter-cell
interference is considered. The computed SNR/SINR distributions, hence, represent wide-
band values, which means that they are constant over all resource blocks. Namely, no
small-scale fading effects are analysed in this or other chapters - see the discussion in the
following section. The computation of SNR/SINR distributions is performed using Matlab.
Namely, Monte-Carlo simulations are run to compute signal, noise and interference levels of
a random user, using equally-spaced macro transmitters. Path loss is calculated according
to the path loss formula in [77] for 2 GHz frequency. Accordingly, the shadowing is modelled
as a log-normal random variable, with zero mean and standard deviation specified in [77].
Besides, shadowing also includes correlation between the links that originate from the same
base station. Namely, shadowing in a network is not independent, as different paths may
encounter the same obstacles [132]. The formula used for shadowing correlation in the
simulator is given in Chapter 5, p. 74. Finally, the interference at each user is calculated as

the sum of received powers from all non-serving transmitters in the network.

4.2 Spectrum selection process

The spectrum selection draws on one of the primary functions of cognitive radio - the
spectrum decision, which is responsible for selecting the most suitable spectrum block for
transmission [126]. Namely, as discussed in [133], different criteria and techniques can
be applied for spectrum decision (selection). Criteria or objective may, for example, be
aimed at maximising spectrum efficiency or minimising spectrum-switching delay [126], or
minimising cost. The techniques range from heuristic approaches to optimization-based
spectrum selection (linear and non-linear programming) to game-theory, fuzzy-logic, and

others.

In this chapter, a two-stage selection process is considered. The objective is to present

4Large-scale effects typically refer to the combined effects of deterministic path loss in relation to distance
and variations about the mean received power. Variation is described using log-normal distribution - hence,
it is referred to as log-normal shadowing [131].
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the operator with a choice of options when to use a particular shared spectrum band.
Hence, the operator can decide whether the conditions in the CS band are satisfactory
and worth exploiting instead of using a costlier option with the ES band. It should be
noted that it is expected that spectrum selection process in the framework takes place on a
significantly longer time-scale than that of e.g. the transmission interval in LTE. Hence, in
the thesis, small-scale fading effects are not considered. Namely, they reflect themselves as
fast variations in power due to delay-spread caused by multipath effects and time-variant
behaviour due to motion [131]. As multipath effects can be deemed averaged out over the
considered period and, at the same time, mobility is not analysed in the thesis, small-scale

effects are not included in the analysis.

4.2.1 Stage 1

Stage 1 entails a computation of the availability of the CS spectrum. To that end, a threshold
for the probability of availability of a resource block is introduced, denoted as ¢ and used
later in the analysis. The CS band, rather its resource blocks and their availability are
used as input to this stage of the selection process. Resource blocks with the probability of
availability lesser than the threshold are not considered. Hence, a cellular operator, at the
output of this stage of the process, considers only resource blocks with the probability of
availability greater than the selected threshold value. The threshold value, on one hand,
reflects the availability of the CS band while, on the other hand, it represents the system’s
capability to exploit more of free resources. By setting a high threshold value, the system
is configured to access only resource blocks with a high probability of availability. A low
threshold means that the system is accessing less reliable resource blocks, but at the same
time, it has the flexibility to use more free resource blocks, even if they have a high probability
of being occupied by another entity. The threshold value should not be considered static,
but should be dynamically changed by a cellular operator, depending on e.g. traffic demand
or another parameter, specified by the operator.

4.2.2 Stage 2

Stage 2 envisages comparison of the quality of two bands using spectral efficiency as a metric.
Hence, as input to this phase of the process, the computed SNR and SINR distributions,
according to subsection 4.1.5, p. 60, are used. Further, this stage entails computing
achievable capacity and spectral efficiency equivalent g, which is a relative measure of the
quality of the two spectrum classes.

4.2.2.1 Achievable capacity & spectral efficiency equivalent

Based on the obtained SNR/SINR distributions, the achievable capacity is computed for

each of the spectrum classes. The achievable capacity is maximum (Shannon) capacity [134]
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that can be reached and does not take into account the aspects such as finite code-length
and set of modulation techniques [135]. The achievable capacity in the shared spectrum
classes reflects the difference between the quality of the two bands through SNR/SINR
distributions. It also needs to take into account the fact that a random variable characterises
the availability of the CS band. Considering that the probability of availability is computed
for a single resource block, the achievable capacity represents capacity per a resource block.
Also, spectrum efficiency equivalent per a resource block gives an average number of resource
blocks from the CS band needed to achieve the same capacity as provided by a single
resource block in the ES band®. The higher the spectral efficiency equivalent is, the higher
is the number of resource blocks needed from the CS band to achieve the capacity of a
resource block in the ES spectrum. Also, Stage 2 computes the minimum required SINR
in the CS band ensuring that the CS band has a sufficient number of resource blocks of

considered availability. Figure 4.1 depicts the proposed two-stage selection process.

Operator defined
threshold §

!

STAGE 1
3 Selection of blocks with
the availability > §

|«

STAGE 2:
Evaluate spectral
SINR efficiency equivalent g

SNR Calculate the minimum
—,. required SINR in the CS
band min SINRcomm

Fig. 4.1 The proposed process for the selection of CS resource blocks. Depending on their
availability and quality, a cellular operator can decide should the additional resources
from the ES band be resorted to.

Availability u,

4.3 System model

Here, all of the above-explained aspects are put together, and system model, including input

parameters, are presented. The following notation is used:
e ¢ - availability threshold below which the CS resource blocks are not considered

e k - the number of resource blocks from the CS band with probability of being free
that is greater than a predefined threshold £

®Normalised capacity i.e. capacity per a resource block and spectral efficiency per resource block are
equivalent terms, used interchangeably.
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e SINR.s - SINR value from the SINR distribution in the CS band
e SNR.s - SNR value from the SNR distribution in the ES band

e B - bandwidth of a single resource block

o C,s - capacity of each resource block in the ES band

o Cj¢s - capacity of i-th resource block in the CS band

e ¢ - spectral efficiency equivalent i.e. an average number of resource blocks from the
CS band needed to achieve the same capacity as provided by a single resource block
from the ES band

e u; - probability of availability of an i-th resource block in the CS band

e N - total number of resource blocks in the CS band.

4.3.1 Spectrum bands - the characterisation

SNR/SINR Distributions. Subsection 4.1.5, p. 60, explained how the SNR and SINR
distributions are modelled. Namely, in the ES band only the effects of path loss, log-normal
shadowing and noise are taken into account. Hence, the SNR.; for user u, served by the
transmitter [ is computed as:

B - L
SNReo,, =~
t

In the CS band besides the effects of path loss, log-normal shadowing and noise, intra-system

(4.1)

interference is also included. The SINR s for user u, served by the transmitter [ is computed

ik Bk
SINRe,, , = o (4.2)
" Nen+ 3= Pz Lju
Al
where

e P, - transmit power of each macro node

e L;, - path loss (including log-normal shadowing) and antenna gains on the link

between the serving cell [ and a user «
s Ny - thermal noise in the receiver

o L;, - path loss (including log-normal shadowing) and antenna gains on the interfering

link between all non-serving cells j and a user u

e M - total number of cells considered.
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4.3.2 Selection process
4.3.2.1 Stage 1

Here, a statistical model is employed to obtain all resource blocks from the CS band, with
the probability higher than £. Beta distribution is used to describe the probability of a

resource block being free u;. The general form of Beta distribution is given by

z(1 — )81

e (4.3)

pdf (z; 0, 3) =
where .
Bl(a, B) = / $2-1(1 = 1)t
0

The number of resource blocks k from the CS band with a probability of being free u; that
is greater than a predefined threshold ¢ is given by

N
k=Y "y (4.4)
i=1
where
1 i e =
Yi =
0 otherwise

4.3.2.2 Stage 2

Stage 2 uses SNR/SINR distributions and computes achievable capacity and spectral effi-
ciency equivalent. The capacity on each resource block in the ES band is given by a well

known Shannon capacity formula [134]:
Ces — B ® lng Q (1 + SNRCS) (4.5)

In the CS band, the capacity of resource block i is offset by the probability of availability u;.
Namely, the computation of capacity here draws on the cognitive radio channel capacity, Eq.
(1) in [126], where capacity is offset by the time a cognitive radio user does not transmit
due to sensing and switching delay as it is required to vacate the channel. In this chapter,
the probability of availability can be seen as a portion of time when a resource block is not

available. The capacity on a resource block ¢ can then be written as:

Ci,cs =wu; - B -logs - (1 + SINRi’cs) (4.6)

Spectral efficiency equivalent q. Based on the computed values of C; s and Ces. ¢
is calculated. As previously mentioned, the resource block capacity in the CS band C; .4

is a function of not only the SINR.s; values, but also the threshold values &, selected in

TR,
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Stage 1. In other words, C; cs = C; cs(SINRs, §), whereas in the ES band Ces = Ces(SNR,;).

Minimum SINR. In Stage 2, minimum SINR is also computed, given the different values
of the threshold for the probability of availability. In other words, for SINR.s for which
q > k, the CS band does not have the required number of resource blocks. Hence, minimum
required SINR.s across a range of values SNR.; is computed to determine the SINR s for
which ¢ < k.

4.3.3 Input parameters
4.3.3.1 Spectrum bands - the characterisation

The SINR.s and SNR, distributions for both spectrum classes are computed using a Matlab-
based simulation tool, referred to as HetNet, which simulates deployment of nodes and users
in OFDMA /LTE networks. HetNet is described in detail in the next chapter - Chapter 5.
In this chapter, equally spaced macro transmitters, with uniformly distributed users are

considered in the ES and CS spectrum.

Parameters used in computation of SNR/SINR In both, ES and CS spectrum band
spectrum of 10 MHz is considered. It should be noted that the number of resource blocks
takes into account 10% guard band, which is used in LTE systems [77]. The main parameters

used in the simulation are given in Table 4.1.

Table 4.1 Summary of the parameters used in the simulation.

Simulator model

Spectrum 50 resource blocks over 10 MHz, 2 GHz
BS TX power 46 dBm

BS  Antenna  pat- | Directive antenna, 3GPP model [77] /
tern/gain 14 dBi

UE antenna pat- | Omnidirectional antenna / 0 dBi
tern/gain

Propagation model
Channel model 3GPP Macro, case 1, [77]
Log-normal shadowing - | 8 dB
standard deviation

Computed SNR/SINR Distributions Figure 4.2 depicts the cumulative distribution
function (CDF) obtained from the ES and CS bands, by performing simulations as per
parameters in Table 4.1. As expected, the average user in the ES band experiences
significantly better SNR, as this was a 'noise-only’ band. There, the median SNR is 32 dB,
whereas in the CS band, 32 dB is the best experienced SINR. The median SINR in the CS
band is 8 dB.
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Fig. 4.2 CDFs of SNR/SINR in the ES and CS bands

4.3.3.2 Selection process

Beta Parameters and Threshold Values The Beta distribution parameters are es-
timated based on the mean and standard deviation obtained from a set of spectrum
measurements in [127], where a = 0.4046 and 3 = 0.859. The number of resource blocks
over which the probability of availability is set to 50, which with the guard band of 10%
equates to 10 MHz bandwidth. Also, three pre-defined threshold values of £ are observed:
0.5,0.7 and 0.9.

4.4 Results & discussion

4.4.1 Stage 1

The number of resource blocks k are calculated for three different values of & = 0.5,0.7
and 0.9, and according to Eq. (4.4). The corresponding computed values are k = 14,8
and 3. Hence, the probability of availability reflecting the medium and high likelihood of
availability are considered. The case when the probability of availability is below 0.5 is not
analysed. Clearly, the higher the availability threshold value, the lower is the total number

of resource blocks in the CS band that a cellular operator can consider.
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4.4.2 Stage 2

Spectral efficiency equivalent ¢ Figure 4.3 depicts the average ¢, given SINR.s, and
computed using Eq. (4.4) and selected values of £. Notably, ¢ = (SN Res, SIN R.s,§), i.e.
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Fig. 4.3 The ES spectral efficiency equivalent for different values of probability thresholds

q depends not only on the quality of spectrum in both bands but also on the value of the
availability threshold. Also, it can be observed that:

o For low values of SINR,s, the average ¢ is much higher i.e. many more resource blocks
from the CS band are needed to achieve the same capacity as in the ES band, whereas

as SINR s increases, q decreases.

e Given the SNR,, the resource block spectral efficiency is proportional to the availability
probability threshold €. The higher the likelihood of availability, the lower is ¢ and vice
versa. Results in Figure 4.3 refer to the observed set of 50 resource blocks. However,

different values for the observed set do not change the relationship between ¢ and the
SINR.s, depicted by Figure 4.3.

Minimum SINR in the CS band The minimum required SINR, is calculated for all

values of SNR.;. They represent the number of resource blocks that is < k and is required
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to achieve the capacity of the ES band. Fig. 4.4 depicts the results. It can be observed
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Fig. 4.4 Minimum SINR required to use the CS band

that for £ = 0.5 and £ = 0.7, and lower values of SNR.s, there is no requirement on the
minimum SINR.s for a majority of locations in the cell if the required SINR value above
0 dB is considered. Namely, in LTE systems, for a user to be able to decode the signal
from a base station, SINR should be greater or equal to a predefined value that can be —5
dB, or even lower (see Sections 13.3 and 13.4 in [71]). For the purpose of this analysis, the
value of 0 dB value is adopted. Hence, as average user experiences SINR that is > 0 dB,
there is no additional requirement on the minimum value of SINR.s required to meet the
ES band capacity. Hence, in general, the lower the threshold £, the lower is the minimum
SINR.s across a range of values SNR.s for which ¢ < k. For example, for the median in the
ES band of SNR.s = 32 dB, the minimum required SINR.; with £ = 0.9 is 11 dB, whereas
with £ = 0.5 the required minimum is SINR.; = 2 dB. This is a significant difference in the
minimum SINR_s, especially considering that it refers to the CS band. For higher threshold
values, minimum SINR,, is greater and rises quicker with the increase of SNR.s, compared
to the lower threshold value. This proves a trade-off between the probability threshold and
the minimum SINR,: if the system accepts the lower likelihood of a resource block being
available, it can use a lower minimum value of SINR.; to acquire the resource blocks from
the CS band.
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4.5 Summary

This chapter explores the challenges associated with identifying and characterising the major
attributes of the two shared spectrum classes, and analysing the selection process. Therefore,
a very specific scenario featuring macro tier only, where two shared spectrum classes lay in
the same frequency band is considered. The considered scenario, hence, enables focusing
on the shared spectrum attributes, and the selection process. The two most important
attributes are adopted for the shared spectrum classes: the availability and quality of
spectrum measured through SNR/SINR and spectrum efficiency equivalent. In line with the
constructs of the spectrum sharing framework, the ES class is considered available, but at a
cost. In the case of the CS band, free access to spectrum is envisaged, but with no guarantee
of the availability, i.e. the availability is described using a random variable. The decision to
avail of the CS band is made based on the statistical data, more precisely the probability
of availability. The selection process uses SINR distributions, as a best-suited measure of
the conditions in the two spectrum classes. Furthermore, the spectrum selection process
is expected to take place on a significantly longer time-scale than that of the transmission
interval in e.g. LTE. Hence, it was concluded that the small-scale effects are not central
to the framework and are, therefore, not specifically analysed. Besides, to characterise the
fact that in addition to intra-system interference, the CS band experiences inter-system
interference, the ES band is represented as a 'noise-only’ band while the CS band experiences
noise and interference. In that way, a proxy measure of the quality of spectrum in the
two bands is obtained. In the proposed two-stage spectrum selection process, the cellular
operator controls the availability threshold setting and evaluates the quality of spectrum
resources from the CS band. To unify the two aspects - the probability of availability and
the SNR/SINR in the two bands, the concept of the ES band spectral efficiency equivalent
is introduced. The spectral efficiency equivalent represents an average number of resource
blocks in the CS band required to achieve the capacity of a resource block in the ES band.
Although this is a simple scenario, interesting insights are obtained: for example, considering
that the CS band fluctuates in terms of its availability, the probability threshold can be con-
sidered the cellular operator’s design parameter that acts as a measure of spectrum reliability.
On the other hand, it also defines the system’s flexibility to accept a less reliable spec-

trum in return for less stringent requirements on the minimum required SINR in the CS band.

Finally, there are few aspects of particular importance that need to be noted. Firstly,
while considering the individual resource blocks is suitable for this analysis, of interest
for the framework are the channels within designated shared frequency bands, as opposed
to resource blocks. Namely, decision-making per a resource block creates considerable
challenges for the OFDM-based system, as each resource block would create side-lobes since

subcarrier orthogonality and synchronisation between different entities cannot be assumed
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[136]. Furthermore, there would also be implications regarding complexity and the associated
overhead, especially as the number of resource blocks grows. For these reasons, in the next
chapters, it is the channels typically found in LTE systems that are considered, instead of
resource blocks. Secondly, while the analysis in this chapter considers the SNR/SINR for
the two spectrum classes, this is confined to a single band. Dealing with these aspects, as
well as with different topologies requires providing the appropriate Matlab environment

featuring also LPNs. This topic is addressed in the next chapter.



Chapter 5

Simulation Tool for the CBB
Architecture - HetNet+

The last chapter focused on spectrum characterisation and certain aspects of spectrum
selection criteria. The challenge now is to explore how Carrier Aggregation and Dual
Connectivity can be extended to include different, shared spectrum classes. As the thesis
focuses on simulating certain performance aspects of the baseband architectures that use the
two features, the purpose of this chapter is to describe the simulator used for the analysis.
Specifically, the chapter describes the simulator for the CBB architecture and Carrier
Aggregation - HetNet+. HetNet+ extends the scope of an existing Matlab-based simulator,
called HetNet, designed by a researcher within the group. HetNet is aimed at simulating
heterogeneous networks and small cells, using single frequency carrier. Hence, although it
represents a good basis, HetNet required significant extensions to support the simulations
for the CBB architecture. Considering that the objective was to reuse, to a greatest possible
extent, the existing functions and modules, it is important to understand scenarios, radio
resource management techniques and performance metrics supported by HetNet and on
which HetNet+ builds. Hence, Section 5.1 describes the main, relevant functions of HetNet
simulator, while Section 5.2 describes the extensions and capabilities of HetNet+. Section

5.8 provides the summary of the chapter.

5.1 Overview of HetNet simulator

5.1.1 Supported scenarios

HetNet simulator is a Matlab-based system-level simulation tool, intended for simulating
the DL communication in OFDMA /LTE-based networks in FDD mode. It also uses Matlab
object-oriented programming for implementing certain classes e.g. cells, users, antennas.
HetNet supports simulations of homogeneous, heterogeneous and small cell networks. In

homogeneous network setup, 19 macro nodes are placed in a regular hexagonal grid (2
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Scenario a Scenario b Scenario ¢
Hexagonal grid Heterogeneous deployment Heterogeneous deployment
Homogenous deployment Hexagonal grid of 19 macro sites = Hexagonal grid of 7 macro sites
Macro sites: 19 Uniform small cell distribution Uniform small cell distribution
UE distribution: Uniform UE distribution: Uniform UE distribution: Uniform

across macro area across macro or small cell area across macro or small cell area

Scenario d Scenario e
Squared network layout Squared network layout
Small cells distribution using Small cells distribution using
Spatial Poisson Point Process squared grid
UE distribution: Uniform UE distribution: Uniform

across deployment area across deployment area

Fig. 5.1 Outline of the scenarios supported by HetNet simulator

rings), where each node supports three cells (sectors). The distance between the nodes is

determined by the inter-site distance for a particular environment - i.e. urban, or suburban.

The distances follow the recommendations for each specific environment, according to [77].

In the case of a heterogeneous network, in addition to the macro topology tier, the LPNs,
specifically picocells, are distributed across the macro cell area, using a uniform distribution,
following the constraints on the distance between the nodes and users. As per the users,
they can be distributed uniformly across the macro-cell area or in a clustered deployment,
where a percentage of all users are clustered within the picocell area. The distances between
the nodes and users are depicted in Table 5.1. Finally, in the case of small cells networks,
the cells are placed according to spatial, homogeneous Poisson Point Process (SPPP)!. The
SPPP model does not impose any constraint on the distance between the points in the
process i.e. the nodes. In these cases, only the minimum distance between a user and a cell

is adhered to. Fig. 5.1 summarises all the scenarios, as supported by HetNet simulator.

In all scenarios, the wrap-around technique is implemented. The wrap-around technique
treats the boundary region as contiguous [138], and avoids edge-effects in the simulation.
It allows for computation of interference effects for all users, without introducing a bias

towards particular users (i.e. users located in outer cells).

!SPPP provides a model that is described by the density of points in an area. The number of points in a
given area is a Poisson random variable, determined by the density and the area size [137].
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Table 5.1 Minimum distance between the nodes and UEs in homogeneous (macro-only) and
heterogeneous network scenarios according to 3GPP

Minimum distance (m)
Macro nodes Inter-Site
Distance (Urban 500
environment)
Macro nodes - Pico cells =75
Distance between pico > 40
cells
UE - macro nodes > 35
UE - pico cells > 10
All UEs uniformly distributed over
UE distribution macro area
Percentage of UEs uniformly
distributed over picocell area,
remaining users over the macro cell
area

Table 5.2 Relevant channel models

Macro LPN

Model 1 PL(dB) = 128.1 + 37.6 - log10(d) PL(dB) = 140.7 + 36.7 - log10(d)
Model 2 | PLLOS(dB) = 103.4 + 24.2 - log10(d) | PLLOS(dB) = 103.8 + 20.9 - log10(d)
Model 2 | PLNLOS(dB) = 131.1 4 42.8 - log10(d) | PLNLOS(dB) = 145.4 + 37.5l0g10(d)

5.1.2 Antenna models

Macro cells and LPNs (picocells and small cells) use different antenna patterns. In the case
of macro nodes, there are three sectors per a node. A directional antenna serves each of
the sectors. In the case of LPNs, an omnidirectional antenna pattern is used. UEs also use

omnidirectional antenna pattern. Antennas patterns and parameters are specified in [77].

5.1.3 The channel model

HetNet simulator is set to the carrier frequency of 2 GHz. In the case of heterogeneous
networks, both the macro tier and the tier of picocells operate on the same frequency.
The simulator implements path loss and log-normal shadowing, specified for macro cells
and outdoor LPNs according to [77]. Two DL path loss models are implemented in the
simulator. They are depicted in Table 5.2. Model 2, as illustrated by the table distinguishes
between Line of Sight (LoS) and Non-Line-of-Sight (NLoS) cases. The distance in the path

loss formulae are given in km. The probabilities for LoS and NLoS are calculated according
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Table 5.3 Probability of LoS for macro nodes and LPNs (urban environment)

Probability for LoS Macro - UE | 0.018 - min(%28, 1) - (1 — ezp(— i) + exp(—3)

Probability for LoS LPN - UE | 0.5 — min(0.5.5 - ezp(—248) + min(0.5, ezp(— 5%

to the formulae in Table 5.3. For each link, the path loss is computed as
PL(dB) = PL4(dB) + X,(dB) (5.1)

where PLy (dB) represents a deterministic component of path loss, which depends on the
distance. X, is a normal variable with zero mean and standard deviation o - N(0,0),
representing shadow fading component in dB, which reflects variation about the mean. For
macro-cells, the shadow fading deviation of 8 dB is used, while in the case of LPNs, the
value of 10 dB is applied. As discussed in Chapter 4, p. 60, shadowing includes correlation
between the links that originate from the same base station as different paths may encounter

the same obstacles [132]. In HetNet, shadowing correlation (SC) is calculated as
SC=v5-Z,+V5 2 (5.2)

where Z,, and Z; represent Gaussian random variables N'(0, o). They are associated with

the location of users and nodes - macro base station and LPNs.

5.1.4 Traffic model

System level simulators typically use two types of traffic models for best-effort traffic: full-
buffer and File Transfer Protocol (FTP) traffic model [77]. The full buffer traffic model
envisages continuous transmission, whereas with FTP traffic model users arrive in the cell
and download/upload files of the specified size. Users arrivals are characterised according to

Poisson distribution.

In the simulator, the full buffer traffic model is supported in all the scenarios.

5.1.5 Radio resource management

Radio resource management is responsible for efficient utilisation of radio resources. It
encompasses aspects such as admission control, load balancing, frequency reuse schemes
and scheduling algorithms. The simulator supports different frequency reuse schemes, which
determine the assignment of frequency resources in the spatial domain. It also supports
different scheduling algorithms. Only frequency reuse scheme 1 is considered in this thesis,
which means that all the available bandwidth is used throughout the cell. Furthermore, of

particular relevance are the scheduling algorithms, as they determine how radio resources
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(resource blocks) are allocated within the transmission interval?. Below is a brief description

of the relevant scheduling algorithms as implemented in the simulator.

5.1.5.1 RR algorithm

RR algorithm allocates resource blocks to the users, regardless of their channel quality.
The algorithm assigns each user a given number of resource blocks, which is a function
of the total number of available resource blocks i.e. NjptairBs and the number of users
at a particular transmission interval. The number of users at each transmission interval
NyesTT1 is determined as a minimum between the total number of users in a cell and the
maximum number of users that can be served in a transmission interval i.e. NyeerTr =
min(Nysers, NusersTr1). The algorithm works in a circular way; consequently, all users are
scheduled either in the current transmission interval or one of the subsequent intervals.
Considering that NiotqirBs is not necessarily a multiple of Nyes777, the users that are given
an additional resource block are randomly chosen among the users allocated in the current

allocation round.

5.1.5.2 PF algorithm

PF algorithm allocates resources that take into account two competing criteria - namely,
fairness and the channel quality. Different from the RR algorithm, and as previously noted
in Chapter 2, p.37, PF provides a trade-off between the users instantaneous conditions and

their past throughput.

HetNet simulator implements two metrics considered with the PF scheduler:
e The past user throughput on a resource block is given as:
Ri(t) = (1 —a) -t — 1] + - rft] (5.3)

where t is the discrete time, or a transmission interval, 7;[¢] is the actual throughput
experienced by user ¢ at time t, and « is the coefficient that measures the importance

of the previous throughput.

e The second metric takes into account channel quality through an estimated user
throughput in the next scheduling interval 7} ;(¢ + 1) on each resource block:
it + 1]

MT(t) = max R (5.4)

*In LTE, this is referred to as Transmission Time Interval (TTI) and as mentioned in Chapter 4, it is 1
ms long.
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Consequently, the algorithm computes the matrix containing the value of M T, for each user
on each resource block. The user with the highest value of MT on each resource block is
the user to be scheduled by the cell.

5.1.6 Link-level model

System level simulations typically rely on the simplified link-level models, as it is practically

infeasible to simulate the link and system level simultaneously. However, the simplified

link-layer models also need to be accurate enough to reflect on a radio link performance.

Therefore, system level simulators normally include link measurement and link performance

models [139]. Link measurement measures the quality of the link and takes into account:
e network layout
o channel and antenna models
e shadow fading
« small-scale fading
¢ frequency reuse
o power-allocation
e scheduling algorithms and
o other (PHY layer) parameters.

Based on the measurement model, a link performance model provides performance metrics.
Link performance models for multi-carrier systems with fast resource scheduling and link
adaptation, such are LTE-based systems, typically use a mapping function to obtain and
calculate the so-called effective SINR. The effective SINR can account for instantaneous
channel and interference conditions on a set of sub-carriers. It also accounts for multiple
antennas at transmitters and receivers, together with spatial processing techniques, such
as beamforming [139]. Look-up tables, obtained from the Additive White Gaussian Noise
(AWGN)? link-level simulations, are then used to map effective SINR to the expected Block
Error Rate (BLER) for the purpose of system performance evaluation. The link-layer

mapping functions and look-up-tables make the link-to-system interface.

HetNet simulator addresses previously discussed supported scenarios, channel models and
radio resource management techniques. It is, therefore, particularly suited for evaluation of

coverage, SINR statistics and throughput. However, it does not implement link-to-system

3 AWGN channel is the channel impaired by the influence of thermal noise in the receiver and is normally
used as a baseline in evaluating the the link performance [131]

N —
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interface. Instead, it uses modified, upper-bounded Shannon formula for spectral efficiency
(or normalised throughput), according to [135]. It also takes into account the guard band
and guard-time for LTE systems in frequency and time domains respectively. The formula
also takes into account the implementation loss in SINR due to finite code length. These
aspects are not discussed further in this chapter. Chapter 7, subsection 7.2.5.2, p. 116

provides more details on how some of them are incorporated into the framework.

5.2 HetNet+

The primary goal with HetNet+ is to enable system level simulations with additional frequency
carriers on the DL in the CBB architecture, while relying on the existing supported scenarios,
functions and classes of HetNet. The following subsections describe additional scenarios,

initialisation of cells and users, and the channel model introduced in HetNet+.

5.2.1 Supported scenarios

HetNet+ supports simulations of two different types of topologies - homogeneous and
heterogeneous network topology. In homogeneous networks, a tier of macro cells deployed
on a hexagonal grid employs different carriers and is denoted Scenario f, Fig. 5.2. However,
as discussed in Chapters 1 and 2, future deployments are expected to feature a mixture
of topologies with equally-spaced macro nodes and irregularly spaced LPNs [4]. For that
reason, of particular interest to the thesis are deployments with a macro tier and a tier of
LPNs that each employs different carrier. Therefore, HetNet+ introduces Scenario g, where
a fixed number of LPNs is distributed across a hexagonal macro grid area, using uniform

distribution. This scenario is the primary focus of the analysis for the CBB architecture.

Scenario f Scenario g

Hexagonal grid Heterogeneous deployment

Homogeneous deployment Hexagonal grid 7 or 19 macro sites

Macro sites: 7 or 19 Uniform distribution of LPNs
Uniform UE distribution within macro area

within macro area Uniform UE distribution within

macro area

Fig. 5.2 Additional scenarios in HetNet+
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5.2.2 Main simulation flow

Fig. 5.3 depicts the main flow in HetNet+, where red shaded boxes depict functions associated
with the principal carrier, whereas navy shaded boxes indicate those related to the additional,
ancillary carriers. All shaded boxes represent extended modules/features. Clearly, additional,
that is ancillary carriers, are treated as extra cells and for each carrier, the cell initialisation
is performed separately. Cells may employ different channel models, which facilitates the

use of a wide range of frequencies. Regarding protocol structure, as Fig. 5.4 illustrates,

Start Ancillary carriers f,...f

Macro cells

PCC ;) Initialise cells e Initialise cells

Initialise users Initialise users

Initialise channel e Initialise channel

Attach users "o Attach users
Initialize traffic buffer - « « Initialize traffic buffer

Results

End

Fig. 5.3 High-level overview of the main HetNet+ flow

additional carriers are activated on Layer 3. EO spectrum is always set as PCC for all
users. All other carriers are additional carriers and can be used, depending on the user
capability. Layer 2 uses (existing) scheduling algorithms to schedule users on resource blocks
that now belong to different frequency carriers. Link layer deals with the link measurement,
according to the specified deployment, channel model and scheduling technique. Performance
is considered for each link separately. Each user capable of Carrier Aggregation can avail of
a wider transmission bandwidth. Retransmissions are not implemented, which is also the

case with HetNet simulator.

5.2.3 Initialisation of ancillary cells

Additional that is ancillary frequency carriers are new cells in the simulator. The principal
carrier on frequency f; is used as a primary carrier for all users and should always be
employed on macro cells. A the same time, the total number of carriers is fixed in the

configFile. Also, a separate configuration file additionalConfigFile is created, which contains
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Activation of
frequency carriers AnC. ANnC,
(RRC level) 1 l -
MAC
B PRBs from PC

(abstraction) B PRBs from AnC

Fig. 5.4 HetNet+ uses existing link models and scheduling algorithms

all the parameters of a particular carrier, such as power, bandwidth, antenna gain and others.
This approach allows flexibility in setting different attributes to different carriers, as depicted

by Fig. 5.5. In case where a homogeneous macro-tier only (Scenario f) is of interest, the

config # of carriers
Initialisation of macro mandatory
cells (Scenario a)
22 o L —
Macoﬂ attributes ] L, «— additional carriers
ell scenano
Carrier frequency 1

Tx Power
Scheduling parameters
Antenna parameters

L Bandwidth Initialisation of cells

e

Fig. 5.5 The introduction of ancillary carriers is analogous to the activation of secondary carriers
as defined in LTE-Advanced. All major attributes are set separately per a carrier.

cells on the additional carriers are initialised using function initializeMacroHomogScenario().

5.2.4 Initialisation of users

The distribution of users is set to uniform across the macro cell area. All users connect
to frequency fi. To simulate a scenario where users have different Carrier Aggregation
capabilities, parameter additionalConfig.percentage determines a percentage of users that
have the capability to connect to a particular frequency. Users without Carrier Aggregation
capability are randomly selected using new function initialize UsersMultipleFreq. The distance
between the users and all the nodes is as per the values outlined in Table 5.1, according to
[77].

5.2.5 Extended Hata channel model

One of the main additions to HetNet simulator is the new channel model. Namely, HetNet

simulator uses formulae based on empirical values, according to [77], obtained for the
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Table 5.4 Extended Hata path loss formulae

Distance d | Environment Frequency [ | Median Path Loss PL

(km) (MHz) (dB)

d < 0.04 PL =324+ 20 - log(f) + 10 -
log(d? + (Hp — Hye)?/10°)

d 1011 Urban 30 < f <150 PL = 69.6 + 26.2 - log(150) —

20-log(150/ f) — 13.82-log(c) +
(44.9 —6.55-log(c)) - log(d)™ —
a(Hue> i b(Hb)

d>0.1 Urban 150 < f <1500 | PL = 69.6 + 26.2 - log(f) —
13.82 - log(c) + (44.9 — 6.55 -
log(c)) - log(d)* — a(Huye) —

b(Hy)
d>0.1 Urban 1500 < f < | PL = 46.3 + 33.9 - log(f) —
2000 13.82 - log(c) + (44.9 — 6.55 -
log(c)) - log(d)* — a(Hye) —
b(Hy)
d>0.1 Urban 2000 < f < | PL=46.3+33.9-10og(2000) +
3000 10-log( f /2000) —13.82-log(c)+
(44.9 — 6.55 - log(c)) - log(d)™ —
a(Hye) — b(Hp)
0.04 < d<0.1 PL = PL(0.04) + [(log(d) —
10g(0.04))/.3979] - [PL(0.1) —
PL(0.04)]

operation at 2 GHz. To cover a range of frequencies of interest, the Extended Hata model
for frequencies 30 MHz - 3 GHz is introduced. It is an empirical model, based on the
original Okumura model, initially developed for Non-Line-Of-Sight (NLOS) paths in the
urban environments typical of mobile services. In practice, it is suitable for distances up to
40 km. For distances d < 40m, this model uses free-space path loss formula. Extended Hata
formulae are used for distances d > 100m, whereas for the distances in-between the two
values, interpolation between these two models is used. Although Extended Hata model is
primarily suited for transmitter heights found in deployments with macro cells, it is selected
as one of most widely-available channel modes. Furthermore, as stated above, it covers a

range of frequencies of interest.

In the simulator, the Extended Hata model with standard deviation, as implemented
in [140] is used?. Table 5.4 depicts Extended Hata path loss formulae, where

4The module is dated April 2011, and it is the same one used in the simulation tools by ECC, except for
the calculation of standard deviation. To remind the reader, the ECC is European agency that undertakes
activities and develops policies, according to the European and international legislations.

e e e
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a(Hye) = (1.1 - log(f) — 0.7) - min(10, Hye) — 0.76 + maz(0, 20 - log(Hy/10))

b(Hp) = min(0, 20 - log(Hyp/30)).

Here, H,, and H;, represent heights of the UE and the base station,respectively, and

¢ = maz(Hy, 30). Standard deviation follows the recommendation from [140].

5.2.6 Radio Resource Management

All existing static spectrum reuse schemes can be used in all Carrier Aggregation configura-

tions. The focus of the thesis is on the frequency reuse 1 only.

5.2.6.1 Scheduling algorithms

As discussed in Chapter 2, scheduling in Carrier Aggregation systems can be performed
separately - per a component carrier, or using cross-carrier scheduling, see for example [97],
[101] and discussion in Chapter 2, p. 37. In the simulator, RR and PF schedulers continue
to be used in the extended version of the simulator as they are. The allocation of resource

blocks is then performed separately on each of the carriers.

5.3 Summary

This chapter describes key aspects of HetNet simulator and its extension HetNet+, selected
as one of the main tools for modelling the framework. HetNet+ is built in a way to preserve
the main structure, and reuse as much as possible classes, functions and modules of HetNet
simulator. HetNet+ is extended to support the CBB architecture, where macro-tier is used
as a basis and operates using the principal carrier. The users are distributed uniformly
across macro cell area and attach to the additional cells that provide the strongest signal.
The ancillary cells may operate at a macro tier or tier of LPNs. The existing scheduling
algorithms enable scheduling of users within each carrier. The simulator also introduces
extensively used Extended-Hata channel model that covers a range of frequencies of interest.
Particularly, the Matlab module developed by Ofcom is used as the implementation of
the Extended Hata model. With all the essential elements of the framework in place, the
next chapter turns to the evaluation of the proposed framework. The focus is on the
CBB architecture in heterogeneous network setup using two spectrum sharing models as

illustrative examples for the framework - TV White Spaces and LSA.



Chapter 6

CBB Architecture Analysis

Chapter J considered the macro topology tier only and focused on characterising different
aspects of shared spectrum bands. This chapter examines the sharing framework for the CBB
architecture, using Carrier Aggregation. The QoS is defined, and the chapter analyses how
the combination of EO, ES and CS spectrum can deliver specific QoS for different densities
of RRHs and the network load. The chapter begins by reminding the reader of the main
characteristics of the CBB architecture. Section 6.2 defines the overall scenario, including
shared spectrum attributes. This section also presents selection criteria that incorporates the
methodology for the QoS metric computation. Section 6.3 presents the results and analysis.

Section 6.4 includes the discussion on related work while Section 6.5 concludes the chapter.

6.1 A brief reminder of the CBB architecture

In the CBB architecture, LPNs are RRHs, and the baseband processing is performed
centrally. Consequently, as discussed in Chapter 2, subsection 2.2.1, 27, the CBB architecture
requires strict adherence to stringent requirements on throughput, delay and jitter. With
heterogeneous networks, this means that the spectral resources from both tiers - macro and
the tier of RRHs are aggregated to provide wider transmission bandwidths using Carrier
Aggregation mechanism. In Carrier Aggregation, for each user, there is a designated primary
carrier responsible for essential functionality, including maintaining the signalling connection
to the core network. Other component carriers are secondary carriers and are added as
extra resources using dedicated signalling. Each carrier is configured separately with regard
to transmission parameters, such as power, modulation and coding, and the number of
transmission layers. The multiplexing of data is done on a MAC sublayer, as depicted in
Fig. 2.5, p. 34. Also, for all carriers, there is a single scheduler, which can e.g. optimise
radio resource allocation taking into account channel state for users across different carriers.
The scheduler can also assign resources to the users according to the metrics calculated for

each carrier separately.
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6.2 The framework

6.2.1 Topology

In this chapter, a heterogeneous network with two tiers and centralised baseband processing
is considered. The two tiers comprise of a macro and a tier of RRHs. According to the
proposed framework, the principal carrier is EO carrier that operates on the macro layer.
The tier of RRHs employs shared, CS and ES carriers. Fig. 6.1 depicts the topology of the
scenario featuring randomly distributed RRHs. Users are also distributed randomly over
the (macro) cell area, following the constraints on the minimum distance to macro nodes
and RRHs according to [77].

f - EO spectrum carrier \\

f1 — CS spectrum carrier

f, — ES spectrum carrier f

Fig. 6.1 Deployment scenario considered in this chapter, with different RRH densities. RRHs
employ shared carriers. Users are distributed throughout the macro cell area.

6.2.2 Spectrum characterisation

The analysis in this chapter considers three spectrum bands. The 2 GHz band is adopted
for the EO band, as it is typically used by the cellular operators for LTE systems. It is
also the frequency carrier used in [77] for LTE system level simulations. For the shared
spectrum, in principle, any band could be selected. This chapter draws on spectrum bands
that have commonalities with the ES and CS classes. Given that, the LSA band at 2.3 GHz
is adopted as the ES band, whereas the TV White Spaces is used as the CS band. Hence,
apart from serving as realistic examples of the shared spectrum bands, they also provide
a mix of spectrum resources with different propagation characteristics, which adds to the

richness of the analysis.

To remind the reader, LSA is a spectrum sharing framework developed on the Euro-
pean level, currently targeting 2.3-2.4 GHz band [62]. The LSA framework features the
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LSA Repository, which is a database containing the information on spectrum opportunities,
and the LSA Controller, which controls the access to spectrum in frequency, spatial and
time domains. The LSA spectrum band features two sharing entities - an incumbent and
a sharing licensee, typically a cellular operator. The transmission is binary by definition
- either the incumbent or the cellular operator is permitted to operate in the specified
frequency-location-time area. Hence, once an operator becomes an LSA licensee in the
specified frequency-location-time area, it has the exclusivity of operation, as it was operating
in its own band, but has to adhere to the agreed transmission parameters such as transmit
power, transmission mask or spurious emissions [66]. On the other hand, TV White Spaces
is a well-defined and documented spectrum sharing model, proposed in Europe and the
US. In Europe, it incorporates the UHF TV band at 470-790 MHz [47], and in the US, it
is the band at 470-698 MHz [46]. Both, FCC and CEPT/Ofcom documentation provide
detailed descriptions of the model, see [46] and [47]. A geo-location database provides
access to spectrum, ensuring interference protection for the incumbents - the DTT users and
PMSE. The database provides the information on the available channels, and transmission
parameters such as maximum emissions, out-of-band emissions, time validity and other
parameters [46], [47], [48].

6.2.2.1 Availability & cost of shared bands

In this chapter, and as discussed in Chapter 4, subsection 4.1.2, p. 58, the analysis in the
thesis considers that the ES band is available to the operator for a specified period. It
should be noted that in the case of LSA, the availability of LSA spectrum is not guaranteed,
as a cellular operator may be requested to vacate the band due to the appearance of the
incumbent. The cellular operator may then be reassigned another LSA channel, if available,
or may have to wait until the incumbent leaves the band. These aspects are not considered
in the thesis. As per the CS spectrum, in this chapter, a geo-location database signals the
availability of the band. Hence, the CS spectrum availability can be considered in binary
terms - the band is available or not. In this chapter, only the case when the CS band is

available is considered.

Cost of shared bands In line with the proposed sharing framework, the use of the ES
band comes at a cost, which is directly proportional to the required bandwidth. The CS
band is free.

6.2.2.2 Power levels

The permitted power levels are different for the ES and CS bands, as described below.
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ES band In the ES band, the cellular operator has the flexibility in operating in a low or
a high-power regime. Since of interest here are the LPNs, only the low-power operation is

analysed. The power level is selected to be at a top range of a typical LPN!.

CS band In the CS band, the power is not fixed and permitted power level setting depends
on whether it is the FCC or CEPT/Ofcom model that is adhered to. This chapter follows
the CEPT/Ofcom model; explicitly the recommendations by Ofcom for the protection of
DTT service, as outlined in [48]2. The CEPT/Ofcom TV White Spaces model allows power
to be scaled upwards and downwards, depending on the spatial and frequency distance of a
TV WSD from the DTT receivers at a TV coverage edge. On the other hand, in the FCC
model, for a co-channel and adjacent channel operation outside the separation distance that
is calculated based on the antenna height and other parameters, a TV WSD may emit at
maximum power for a given device type. Below, a summary of calculations of the permitted

power levels for the DTT service protection, according to [48] and [47], is presented.

Power levels in TV White Spaces The emission limits for a TV WSD operating
on a particular channel are calculated based on the quality of DTT coverage and a TV WSD
location. The calculations are based on location probability, which is the probability of a
successful TV reception. It is a metric used for planning of DTT networks and is typically
calculated on a pixel-based grid for every 100 m by 100 m pixel. It reflects the useful DTT
signal level compared to power levels of DTT interferers. Hence, location probability for a

DTT receiver, in the case where no TV WSD operates, is calculated as:

K
qit— PT{Ps = Ps.min = Z TU,kPU,k} (6'1)

k=1
Eq. (6.1) is given in a linear domain. Here, Ps is the received power of the wanted DTT
signal, Ps min is the reference receiver sensitivity level, Py is the power of k-th unwanted
DTT signal, and 7y is the protection ratio for k-th DTT-DTT signal, which depends on
the frequency offset between a DTT interferer and a DTT victim [48], [47]. It should be
noted that according to [48], a pixel is considered served by DTT if ¢; > 0.7, hence for
q1 = 0.7, the pixel is at the edge of DTT coverage. By allowing TV WSDs to transmit,
there is a degradation in the location probability, which then becomes

K
@2 = Pr{Ps > Pymin + »_ ruxPui +r(Af) x G x P{5P} (6.2)
k=1

'The power is set to 5 W - see for example [141] for a range of power levels found with LPNs.
%Calculations relating to the PMSE service protection are also detailed in [47], as well as in [48]. They
are, however, not considered in this chapter.
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Here, r(Af) is the protection ratio of a DTT receiver for a given frequency offset between
the TV WSD and DTT receiver, G represents the coupling gain between a TV WSD location
and a DTT receiver, and P}};SD is the maximum permitted emission of a TV WSD?. The
permitted power levels for TV WSD on each channel, therefore, depend on the acceptable
degradation of DTT coverage quality, given the DTT receiver sensitivity and the spatial
and frequency separation between the TV WSD and DTT receivers®. The worst case for the
WSD power levels occurs when TV WSD and DTT receivers are located in the same pixel, as

this is the case when the coupling gain is highest. It is referred to as a reference geometry [48].

Finally, it should be noted that the above calculations for TV WSD power limits as-
sume a single TV WSD device per a pixel in a given channel. In [47], in cases where
multiple TV WSDs operate on the same frequency, or frequency that has the same potential
in terms of interference to the DTT receivers, the reduction of power by a value of fixed
parameter i.e. interference margin is suggested. Interference margin, therefore, takes into
account the aggregate interference from multiple TV WSDs operating in a given area at the
same time. The value of interference margin is calculated as 10 - log(IN), where N may be
based on the number of potential or active TV WSDs [52]. Consequently, in [47], a fixed
value for interference margin of 3 — 6 dB is noted, allowing for 2 — 4 multiple interferes,
respectively. In addition to the two outlined options for calculating the interference margin,
the third option in [52] aims to minimise its value by taking into account the actual power
at which TV WSDs emit. Hence, in this case, there is no unnecessary restriction on the
power of TV WSDs. However, this option adds to the computational complexity. In [48]
few possible approaches as to how to deal with the interference from multiple TV WSDs
are also discussed. They include a direct reduction in the permitted power levels and a
rule-based reduction, which in a geo-location database would relate the maximum allowed

power to the number of TV WSDs that can transmit in a given area/channel.

This work. Returning to the subject of power in the CS band in this chapter, firstly
note that a TV WSD here is represented by an RRH, operating on a TV WS channel.
For the purpose of further analysis, the maximum and minimum power levels are taken
from the illustrative examples when a TV WSD and the DTT receivers are located in the
same or immediate adjacent pixels, and where the location probability exceeds 0.7 [48].

5

The illustrative minimum and maximum® emission level examples in [48] refer to the first

3The coupling gain depends on the distance between a TV WSD transmitter and a DTT receiver i.e. the
path loss, as well as on the antenna gain and angular and polarisation discrimination [48], [142]. Maximum
emission refers to EIRP.

It should be noted that coupling gain cannot be precisely calculated based on the actual separation
between the WSD and DTT receivers, since the exact location of DTT receivers is not known.

5Tt should be noted that Ofcom has preserved this cap on the maximum permissible WSD power in its
latest statement [9].
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adjacent channels to the DTT transmitting channel®. In this work, the power scaling is
applied to reflect the possibility of multiple entities operating in the same channel. They

are referred to as "foreign" entities. Hence, the following cases are considered:

o No power sharing with "foreign" entities. This is the case when each RRH can
use all the available power, allocated to it by the geo-location database. The power

level depends on the DTT coverage quality, as depicted by Table 6.1.

o Sharing power with other, "foreign" entities. In this case, there is a number
of other entities sharing the spectrum with the operator’s RRHs. A number of
power levels are considered to reflect a broad range of a number of "foreign" entities.
Power scaling is applied as a reduction from the maximum and minimum levels that

correspond to good and poor DTT service areas, see Table 6.1.

No “foreign” entities Sharing with “foreign”
(no power scaling) entities (power scaling
applied)

Good DTT service area
(Maximum considered / /
emission)

Poor DTT service area

(Minimum considered /
emission) / /
Table 6.1 All power options are considered in the CS band.

6.2.2.3 Path loss

As discussed in Chapter 4, subsection 4.1.5, 60, one of the most important aspects of
spectrum characterisation is evaluating quality of spectrum through the SINR distribution.
Evidently, the SINR distribution of a random user is affected by the received power levels,
noise and interference levels. Besides the dependence on the transmitted power levels, the
received power is also affected by the path loss, including log-normal shadowing. Path loss
can be notably different when CS and ES channels lie in spectrum bands that are wide
apart, as is the case in this analysis, with the CS band operating at 626 MHz and ES band
at 2.3 GHz - see Fig. 6.2. As can be seen from the figure, the path loss between these bands
differs between 11 and 18 dB across a range of distances seen typically in urban deployments.

Path loss is calculated using the Extended Hata model in both cases.

5In a given example, the DTT channel is 40. In this chapter, channel 40 is adopted as the TV WS channel,
that is the channel of the CS band.
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Fig. 6.2 Path loss in urban environment with Extended Hata model (transmitter height of 5
meters).

6.2.2.4 Interference

Also discussed in Chapter 4 is interference - see subsection 4.1.3, p. 59. Two types of
co-channel interference may occur in the considered spectrum bands in this analysis. They
are inter-system and intra-system interference. Intra-system interference occurs between
operator’s neighbouring nodes on each tier. Hence, intra-system interference is considered in
all bands - EO, ES and CS. Inter-system interference occurs in the CS band only, as other
networks can also use its free spectrum resources. However, this chapter does not deal with
inter-system interference. The interference by "foreign" networks/entities is included in the
analysis of the CS band in the next chapter (Chapter 7).

6.2.2.5 Bandwidth

In the UHF TV band in Europe, the channel width is 8 MHz. Hence, in this chapter, this is
the channel width adopted for the CS band”. In the ES band, it is envisaged that spectrum
is accessed using channels of a particular width. The adopted nominal channel width is 5
MHz, which follows the channel width of the LSA-designated LTE band 40 at 2.3 — 2.4 GHz.
There, only the channel widths that are multiples of 5 MHz are supported [66]. Hence, in

"Although LTE does not include support for 8-MHz wide channels, an 8-MHz channel could be obtained
by aggregating contiguous 3 and 5 MHz channels.
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this analysis, the channels that are multiples of 5 MHz are considered - e.g. 5,10, 15,.. MHz.
Note that, in certain cases, it may not be possible to provide large contiguous chunks of
spectrum, e.g. 20 MHz. Therefore, in these instances, it would be required that instead of
one e.g. 20 MHz carrier, the cellular operator uses spectrum resources from e.g. two 10 MHz
carriers. This would require support for non-contiguous Carrier Aggregation in transmitters
and receivers. Also, the total number of carriers should also be taken into consideration, as

it should not exceed the supported number of component carriers®.

6.2.3 Selection criteria for spectrum requirement decision

The objective criterion in this framework is about minimising the cost for a cellular operator,
which is a linear function of the amount of spectrum required from the ES band. Hence,
minimising the cost to the operator translates into minimising the bandwidth from the ES
spectrum the cellular operator resorts to. At the same time, the aim is to provide certain
QoS for the users and hence, the operator needs to adhere to the constraints posed by the
QoS requirements. The QoS metric may include e.g. peak data rate, which is the data rate
experienced in good radio conditions when no other users utilise the radio resources [71]. Of
interest, however, here are the cases when users experience different channel conditions, but
also share the radio resources with other users. This data rate, calculated above the MAC
layer is typically referred to as user throughput [71]. Note that within this chapter, the user
throughput is calculated as explained in the following subsection and takes into account
some aspects of the link-level overheads, but it does not include any overhead above the
MAC layer. The throughput calculations will be further discussed in Chapter 7, subsection
7.2.5.2, 116. Also, note that the terms rate and throughput are interchangeably used.

For calculation of spectrum requirement from the ES band in this chapter, the conventional
QoS metrics is considered - the 50%-ile and lowest 5%-ile throughput of a user. In this
chapter, a user refers to an average user that can take any position within a macro cell while
adhering to the distance constraints to all types of nodes. Hence, the median throughput
represents a median throughput user experiences across all carriers. Accordingly, a cell-edge

throughput is a cell-edge throughput across all carriers. This can be written as
Ry + Ry + Rk > Rink (6.3)

where k£ € m,e denotes whether the equation refers to the median or cell-edge values.
Ry, Ry, and Ry refer to median or cell-edge user rate in the EO, CS and ES bands,

respectively, whereas Ry, x is the target median or cell-edge user throughput.

8The number of CCs currently supported by the 3GPP standard is 5 [89]. Future releases are expected to
support up to 32 carriers [143].
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Hence, if the CS band cannot meet the target QoS requirements, the cellular operator

also resorts to the ES band. Pictorial representation of this concept is given in Fig. 6.3.

Target QoS

-

Spectrum
requirement from the

ES spectrum

Median/cell-edge

user rate in the ES
spectrum

]
Median/cell-edge ?l Median/cell-
edge user

rate

user rate in the CS

\

A 4

spectrum

Median/cell-edge

user rate in the EO
spectrum

Fig. 6.3 Median and cell-edge user throughput across all spectrum bands determine the requirement
from the ES spectrum.

6.2.3.1 Link rate computation

Link rates on each carrier are affected by the number of resource blocks allocated to each
user and by the spectral efficiency (normalised throughput). The bandwidth allocated to
a user depends on the total number of users and the scheduling scheme. Per-a-carrier PF
algorithm, described in Chapter 5, is used for allocation of resource blocks in each of the
spectrum bands and takes into account fairness and channel conditions within each frequency
carrier. The spectral efficiency is determined by the SINR levels and is calculated according
to the modified Shannon formula [135]. The SINR levels are affected by the transmit power

levels, path loss, antenna gains, log-normal shadowing, noise, and the inter-cell interference.
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The SINR of random user u, on cell 7 on any carrier, is calculated as:

where

P!z: 9 Li,u

Nip + Z;’V:l Pry o Ly,
J#i

SINR, ; = (6.4)

P, - transmit power (assumes that all cells use the same transmit power)

L;, - path loss (including log-normal shadowing) and antenna gains on the link

between serving cell 7 and user u
Nyp, - thermal noise

L;. - path loss (including log-normal shadowing) and antenna gains on the interfering

link between cell j and user u

N - total number of cells per a tier, which operates on a particular frequency carrier.

6.2.4 Outline of the model

Given all of the above-discussed aspects, the model can be summarised in the following way:

The scenario considered herein is a case of a heterogeneous network with the CBB
architecture in an urban environment. HetNet+ simulator is used for modelling the
framework, i.e. what is defined in Chapter 5 as Scenario g. Namely, macro cells are
placed on a hexagonal grid, whereas RRHs are deployed uniformly across the macro

cell area. Different density of RRHs per macro is considered.

The EO band operates at frequency f on a macro tier. CS and ES bands operate at
frequencies f; and fy, respectively. They are both employed by the tier of RRHs.

The distribution of users is uniform, with the constraints on the minimum distance
to macro cells and RRH, according to [77]. All users support aggregation across all

carriers.

Performance is evaluated in terms of median and cell-edge user throughput, across
all carriers. A number of parameters affect the performance. A range of values is
considered for RRH density, the number of users in the macro cell area and power
levels in the CS band.

Power levels Power in the CS band is considered using the illustrative minimum
and maximum power for TV WSDs, according to [48]. Furthermore, power levels are

reduced for a range of values to reflect the case when the CS band is shared with a
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different number of "foreign" entities, as discussed in subsection 6.2.2.2, 86. Hence, the
cases when only operator’s RRH operate on a given channel, as well as the cases when
"foreign" entities are present on the channel are considered. In areas with good DTT
service, maximum emission levels can be applied, whereas in the areas with poor DTT
service (at the edge of DTT signal coverage), RRHs can only emit at low levels. In
these cases, the EIRP levels should not exceed the selected value, which is 11 dBm, as
DTT receivers cannot sustain additional levels of interference from TV WSDs?. Table
6.1 depicts power options in the CS band. In the EO band, a typical transmit power
is considered [77]. In the ES band, the power level is set at a top value found typically
with LPNs.

e The targets for median and cell-edge user throughput are selected to depict the
spectrum requirements. The chosen values are in broad alignment with the gains seen

in Carrier Aggregation systems, such as [97] and [101].

o In the ES spectrum, the spectrum requirement is computed to ensure the median/cell
edge throughput, calculated according to the above meets the target rates. Only

multiples of 5 MHz channels are considered.

e Finally, the effects of reducing the target throughput on spectrum requirement from

the ES band are also analysed.

6.2.5 Input parameters

This subsection outlines the values of the main parameters used in this work.

6.2.5.1 Parameters applicable to all bands

Table 6.2 lists the parameters common to all bands.

6.2.5.2 EO and ES band parameters

Tables 6.3 and 6.4 depict other main parameters used for the EO and ES bands, respectively.

6.2.5.3 CS band parameters

For the CS band, Table 6.5 outlines the EIRP levels for the considered cases as per earlier
discussion in this and subsection 6.2.2.2, 86.

90fcom also considers the edge of DTT coverage for a WSD with high out-of-block emissions, where
permitted EIRP level is -7 dBm. This case is not considered.
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Table 6.2 Input parameters used in all bands

Common

Parameters for all bands

Propagation model

Channel model

Extended Hata [140]

UE antenna pattern/gain

Omnidirectional antenna / 0 dBi

Link-level model

Link-level abstraction

Upper-bounded LTE Shannon’s capacity
[135]

Traffic model

Traffic model

Full buffer

User scheduler

Scheduler Individual Carrier Proportional Fair
Table 6.3 Input parameters used in the EO band
EO Spectrum
Spectrum 50 resource blocks over 10 MHz @ 2 GHz
BS TX power 46 dBm

BS Antenna pattern/gain

Directive antenna, 3GPP model [77] / 14
dBi

Deployment Scenario

Macro deployment - 19 sites

Urban environment, 3GPP model [77]

Table 6.4 Input parameters specific to the ES band

ES Spectrum

Spectrum 25 resource blocks over basic unit of band-
width of 5 MHz @ 2.31 GHz
Tx power 37 dBm

BS Antenna pattern/gain

Omnidirectional antenna, 3GPP model
[77] / 5 dBi

Deployment Scenario

RRH deployment

1,2,3 and 4 RRHs per macro cell
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Table 6.5 Permitted EIRP levels in the CS band for different cases

EIRP per RRH EIRP per RRH
(no power scaling) (power scaling applied)

Maximum permitted 36 dBm 27,18 and 9 dBm
emission (good DTT

service area)
Minimum permitted 11 dBm 9 and 5.5 dBm
emission (poor DTT

service area)

Table 6.6 Other input parameters specific to the CS band

CS Spectrum

Spectrum 40 resource blocks over 8 MHz @ 626 MHz
(UHF Channel 40)
TX power (including 36,18,11 and 5.5 dBm
scaling)
BS Antenna pattern/gain Omnidirectional antenna / 0 dBi
Deployment Scenario
RRH deployment 1,2,3 and 4 RRHs per macro cell

6.3 Results

6.3.1 CS band effects

In this subsection, the results obtained for cell-edge and median user throughput using
spectrum resources in the EO and CS bands are depicted. Hence, the term throughput
here refers to the combined throughput from the two bands. The performance is analysed
in relation to the power levels and sharing in the power domain, according to the cases
depicted in Table 6.5.

No "foreign" entities. The combined median user throughput from the EO and CS
band is illustrated in Fig. 6.4 while Fig. 6.5 depicts the 5%-ile user rate. In both cases,
the x-axis represents the number of users per a macro cell. Further, both figures illustrate
the instances when RRHs operate at maximum EIRP of 36 dBm and minimum EIRP
of 11 dBm. Firstly, it should be noted that all changes that relate to the combined user
throughput come as a result of a change in the parameters of the CS band, as for a given
number of users in a macro cell, the rate provided by the EO band is constant. Secondly,

the throughput increase due to a higher power, given all the other parameters, is more
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Fig. 6.4 Combined median user rate for the maximum and minimum considered power levels.
There is no power sharing with other spectrum users/entities. X-axis represents the
number of users per macro cell. Y-axis represents 50%-ile user throughput.

significant in the case of a lower RRH density. For example, for a single RRH per a macro
cell, see Fig. 6.4, the performance improvement between poor and good DTT service area is
36%. For the case of 4 RRHs per macro, the performance gain due to a higher transmission
power is 26%, given 10 users per macro cell. As the number of users increases, this trend
mainly remains, but the overall performance is degraded. Hence, for the combined median
user throughput in the EO and CS bands, the performance improvement when RRHs are
in a good DTT service area compared to a poor DTT service area ranges approximately
between 23% and 36%, depending on the RRH density and the number of users. The case
for a cell-edge throughput, Fig. 6.5, follows the same trend. However, the improvement
in the combined throughput due to a higher power is more significant - for one RRH per
macro cell and 10 users, the improvement is 45%, whereas it is 37% for the case of 4 RRHs
per macro. It is also interesting to observe the effects of the RRH density. It is evident
that the increase in the number of RRHs results in a huge rise in the median and cell-edge
throughput. For example, with 30 users in the cell, in a good DTT service area (with
the maximum permitted power of 36 dBm), the increase in the combined median user
throughput is 194%. The increase in the combined median user throughput due to higher

RRH density when RRHs operate in a poor DTT service area (with minimum considered
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Fig. 6.5 Combined cell-edge user rate with RRH power set to the maximum and the minimum
considered levels. There is no power sharing with other spectrum users/entities. X-axis
represents the number of users per macro cell. Y-axis represents 5%-ile user throughput.

power of 11 dBm) is even greater - 240 %. A similar trend is observed for the combined
cell-edge user throughput. With 30 users in the cell, and maximum power of 36 dBm, the
increase in the combined cell-edge user throughput is 199%, whereas with the power of
11 dBm the throughput increase is 205%. The tremendous improvement in the user rate
comes primarily as a result of the spatial spectrum reuse, as well as due to the improved SINR.

Finally, the figures also clearly depict the effect of the network load. With the increase in
the number of users, the throughput decrease is consistent across the range of cell densities,
and for minimum and maximum power levels. With the load increasing from e.g. 10 to
30 users, the decrease in the combined median and cell-edge throughput is in the range
62 — 66%. Increasing the load from e.g. 30 to 50 users reduces the rate between 38 and 40%.

Multiple "foreign" entities. Fig. 6.6 depicts the median user throughput when RRHs
share spectrum with other, "foreign" entities. Maximum and minimum considered power
levels are scaled, according to Table 6.5. The focus is at the performance difference when
RRHs are in a good DTT service area (EIRP=18 dBm), and the case of a poor DTT service
area (EIRP=5.5 dBm). Here, the improvement in the performance due to a higher transmit
power in a good DTT service area is more noticeable with a higher RRH density. The trend
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Fig. 6.6 Combined median user rate for the case when the operator has to share spectrum with
other, "foreign" entities. Power levels are scaled when RRHs are in a good (18 dBm) and
a poor DTT service area (5.5 dBm).

can be explained by the fact that the interference levels are lower due to the lower power
levels. They are, hence, not offsetting the gain obtained by the higher RRH density. For

example, for 20 users, the increase in the median user rate due to a higher power for the case

of 4 RRHs is 30%. In the event of a single RRH per macro area, the improvement is 16%.

When compared with the case when there are no "foreign" entities, Fig. 6.4, the biggest
difference can be observed in the performance with low RRH densities - the maximum power
of 36 dBm provides 22% improvement, compared to the case of 18 dBm, and around 42%
when 5.5 dBm per RRH is used.

Tremendous increase in throughput due to a greater RRH density can be observed in

this case as well. For example, when power is 18 dBm, and there are 20 users in a cell, the

increase in the number of RRHs from 1 to 4 results in median throughput increase of 246%.

This increase is 209% when RRH power is at 5.5 dBm.

The same trend of throughput decrease resulting from an increase in the number of users in

the macro cell area, seen in Fig. 6.5 and Fig. 6.4, is observed in this case as well.
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Fig. 6.7 Spectrum requirement for the median user target throughput of 5 Mb/s in a good DTT
service area - cell density 2

6.3.2 Spectrum requirements from the ES band

In this subsection, the additional spectrum requirement in the ES band is computed for the
cases when EO and CS bands cannot satisfy target cell-edge and median user throughput.
The spectrum requirement when selected values are 2 and 5 Mb/s for the median user
throughput, and 1.5 and 3 Mb/s for the cell-edge user throughput are depicted. Similar
values can be seen in the literature evaluating the gains due to Carrier Aggregation, see
for example [97], [101]. The additional spectrum, in block units of 5 MHz, as outlined in
Table 6.4, is computed taking into account that CS resources are also used, according to
Equation 6.3. Here, some of the results are depicted. They refer to the RRH density 2, and
the target rate of 5 Mbps for the median user throughput, and 1.5 Mbps for the cell-edge
user throughput.

e Good DTT service area (maximum emission level). Fig. 6.7 depicts the spectrum
requirement from the ES band, with different permitted power levels, depending on
whether the RRHs share spectrum with other entities. It can be observed that for
10 users, only in cases when there are other, "foreign" entities in the CS band, when
the permitted power level is below or equal to 18 dBm, the additional spectrum from
the ES band is required. As the number of users increases to 20 and more, all cells
will require additional spectrum, regardless whether they may be the only entities

transmitting in the area, using maximum permitted power. The spectrum requirement
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is naturally higher the greater the load on the network, but it is different depending
on whether there are "foreign" entities or not. For example, in the case where cellular
operator’s RRHs use maximum EIRP of 36 dBm, the maximum spectrum requirement
is 10 MHz. The spectrum requirement goes up to 25 MHz for the cases when the

spectrum is shared and power is reduced to 18 dBm or 9 dBm.

Particularly, the impact of the number of users on spectrum requirement can be
seen in Fig. 6.8. In this case, there is no requirement for the additional spectrum from
the ES band for any of the power levels, if the number of users is 10. As the number
of users increases, the spectrum requirement is increasing, but slower for the cases
when RRHs transmit at higher power. It increases by 5 MHz, only for the case of 50

users, and 9 dBm power level.

It should also be noted that in both - Fig. 6.7 and Fig. 6.8 at 27 dBm, the spectrum

requirement is the same as for 36 dBm, except for the case of 50 users (Fig. 6.7) .

e Poor DTT service area (minimum considered emission level). Fig. 6.9 depicts the
results for poor DTT service area. As the network load increases, the spectrum
requirement from the ES band increases linearly for the case of 5.5 dBm, whereas its
increase is more gradual for e.g. 11 dBm up to 30 users. In all cases, for the highest

load - with 50 users per a macro cell, 25 MHz is required from the ES band.

Finally, Fig. 6.10 illustrates the impact the lowering the target rate has on the spectrum
requirement from the ES band. The flexibility to reduce the minimum user rate and, therefore,
degrade the QoS is quantified in percentages of the minimum throughput reduction. By
reducing the target rate, the spectrum requirement from the ES band can be significantly
lowered and ultimately the cost to the operator, especially in the case of a high network
load. Particularly, the requirement for 9 dBm case and cell density 2 for the median user
throughput is depicted. It can be observed that as the target rate decreases, the impact
of the network load (i.e. the number of users) decreases - note the variance of the bars in
each column. In this instance, by reducing the target user rate by, e.g. 5 or 10% for the
cases of 30 and 40 users, the spectrum requirement is reduced by 5 MHz. When the target
rate is decreased by 30%, no additional spectrum is required for a lightly loaded network.
Also, the reduction for high-load scenarios is significant - it drops from 25 MHz to 10 MHz.
However, reducing the minimum user rate so substantially is unlikely to be considered by

cellular operators due to a potentially significant deterioration of user experience.

6.3.3 Analysis

The results presented above are affected by many interrelated factors. They include the

number of RRHs, the network load, channel bandwidths, propagation characteristics of
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Fig. 6.8 Spectrum requirement for the cell-edge case with target throughput of 1.5 Mb/s in a good
DTT service area. The case with 2 RRHs is shown.

the considered carriers, their power and interference levels. Of particular interest are the
effects the shared carriers have on the user performance with a given topology using Carrier
Aggregation as a basis. It is evident that the propagation characteristics of the 620 MHz
carrier lend themselves to offer notable improvement in the user throughput using the
permitted power levels and the channel bandwidth of 8 MHz. Firstly, the results show that
when there is no power sharing (no other entities), the difference between transmitting in a
poor and good DTT service area depend on the topology. The improvement by transmitting
in a good DTT service area (using 36 dBm) compared to transmitting in a poor DTT service
area (11 dBm) is better with a low density of RRHs. In that case, the benefit of a higher
power is more pronounced (36% improvement for the case of a single RRH vs. 23% increase
in the case of 4 RRHs, see Fig. 6.4). This effect also occurs for the cell-edge users. There,
however, the improvement in throughput with respect to permitted power levels (11 dBm
vs. 36 dBm) is greater than in the case of median-user throughput. With other "foreign"
entities operating on the channel, that is when power scaling is applied, a good DTT service
area with a higher density of RRHs offers a more significant improvement compared to a
poor DTT service area (30% for 4 RRHs vs. 16% for a single RRH). This different pattern
is a direct result of smaller SINR difference in the case of power scaling for a lower RRH
density (i.e. smaller SINR difference between 18 and 5.5 dBm, compared to 36 dBm vs. 11
dBm). Hence, the topology i.e. the density of RRHs is a major factor that affects the gain

when comparing poor and good DTT service areas, with or without sharing/power scaling.
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Fig. 6.9 Spectrum requirement for median user target throughput of 5 Mb/s in a poor DTT service
area. The case with 2 RRHs is shown.

The results also show that with a carrier with good propagation characteristics such as 620
MHz carrier, similar rates and almost the same spectrum requirement may be obtained when
operating below the maximum permitted power, by using, for example, 27 dBm. Further, if
the formula for interference margin, discussed in 6.2.2.2, is applied, it means that having up
to 7 "foreign" entities in a good DTT service area practically does not result in a change in

spectrum requirement.

Besides power, the chapter also considers the effect of the number of users and target
rates on the spectrum requirement, for a given RRH density. As results in subsections 6.3.1
and 6.3.2 show, the number of users has a significant impact on the throughput in both
median and cell-edge user case, as changing the load in the network directly affects the
amount of resources a user gets. By reducing the minimum target rate, the reduction in
spectrum requirement is most noticeable for the medium and high number of users, but at

a cost of a potentially significant deterioration of user experience.

6.4 Related work & state-of-the-art

This section presents state-of-the-art in the areas of TV White Spaces and LSA that address

some of the aspects analysed in this chapter.
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Fig. 6.10 Flexibility is characterised in terms of QoS reduction. The impact on the spectrum
requirement is shown (9 dBm).

6.4.1 TV White Space

The area of TV White Spaces has seen a significant amount of research over the years. Some
works address the availability and the capacity of TV White Space, e.g. [50], [144], while a
number of them explore the available capacity if a secondary network is a cellular network.
In [145], an overview of coexistence challenges between different secondary networks is
given, while the authors in [146] conclude that not only the transmission power need to
be considered, but also the secondary transmission density. In [147], multiple secondary
cellular systems that transmit at a border of TV protection area are analysed. The authors
propose a centrally managed interference control algorithm to maximise the sum power
spectral density under the constraint of aggregate co-channel interference. Maximising
the number of mobile and portable devices, while considering the co-channel and adjacent

channel interference as a constraint is analysed in [148].

Interesting analysis of the capacity available in TV White Spaces and its suitability for
cellular network requirements is given in [149]. The paper presents an extensive assessment
of the cellular network capacity provided by the TV White Spaces in Germany. It considers
scenarios of a stand-alone and the offloading LTE network operating in the available TV
White Space and finds in both cases the uplink being the limiting factor due to the DTT

interference the base stations would be subjected to. However, while the stand-alone scenario
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does not provide the satisfactory outage probability that would be required to fulfil cellular
network requirements, the paper finds that a significant capacity gains can be achieved in
the offloading scenario (compared to using the dedicated spectrum), particularly in the

urban areas.

In [150] — a femtocell architecture and implementation/prototype that enables simulta-
neous use of licensed and unlicensed spectrum i.e. the TV White Spaces in indoor femtocell
deployments is presented. By using the dedicated spectrum, the proposed architecture deals
with the spatial-temporal variations in the availability of a particular TV White Space chan-
nel, with the aim to minimise disruption to the users by switching to the licensed spectrum.
The disruption caused by vacating a channel and finding a new, suitable channel can in cases
of high interference reach between 60 to 120 seconds. In addition, the proposed architecture
employs a central TV White Space channel coordinator, responsible for assigning the most
suitable channel to the femtocells, as well as collaborative spectrum sensing function for
detection of available TV White Space channels. Experimental results show a significant
increase in system performance — i.e. in UDP and TCP throughput, compared with the

alternative - using only White Space channels.

6.4.2 LSA

The use of Carrier Aggregation, as well as other LTE/LTE-Advanced mechanisms such as
cell-reselection and inter-frequency handover, are discussed in the context of supporting
the LSA in [151]. In [152], the use of LSA spectrum, combined with Carrier Aggregation,
is analysed. The authors consider the use of interference maps on the UL to estimate the
impact on the incumbent. The CCs using the LSA spectrum can be activated based on the
cell load, but only if UEs in the cell do not cause interference to the incumbent greater than
the predefined threshold. The interference effects on the LSA incumbent and the region of
operation for the LSA licensee with different operational parameters - in the case of macro
and small cells deployment are also analysed in [153]. Through system level simulations, the
authors show that a deployment with small cells may enable smaller separation distances
between the incumbent and an LSA licensee, for a particular interference threshold. In
[154], a mathematical model that characterises service unreliability of the LSA spectrum is
developed, focusing on the mean number of users that do not have access to the service.
The performance for cell-edge users in a system with distributed antennas and fractional
frequency reuse, where only a single cell can avail of LSA spectrum is analysed in [155]. The
use case and the trade-off in using the LSA spectrum in the architecture with massively
distributed antennas are evaluated in [156]. Other works address architectural aspects.
For example, in [157], the challenges of the framework as currently defined are presented.
They include the challenges associated with having to vacate the LSA spectrum due to the

appearance of an incumbent, as well as challenges related to the management of protection
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zones, where interference levels have to be determined in order not to exceed a predefined
interference threshold. The authors also briefly discuss possible future directions with LSA -
notably, the use of small cells and millimetre frequency bands. In [158], the LSA concept
extended to milimiterWave spectrum is proposed. The authors mainly discuss particular
aspects of milimiterWave and briefly outline factors that need to be taken into account
to expand the LSA into the operation at these frequencies. They include better spectrum
availability information within the LSA Repository and a broadened role of LSA Controller

to manage dense deployments of small cells.

6.5 Summary

This analysis addresses a number of aspects in the sharing framework with the CBB archi-
tecture. From spectrum perspective, two important spectrum sharing bands are used, with
certain characteristics that match well the framework’s spectrum sharing classes. For the CS
spectrum, the TV White Spaces model is adopted, as one of the recent and detailed models,
which enables common spectrum use, with variable availability and permitted power levels.
The power levels depend on a particular channel, and spatial and frequency distance of any
number of entities using TV WS. The ES band follows the LSA framework, which provides
the ezclusivity in spectrum access and allows different power regimes, but also has variable
availability. The analysis in this chapter, however, focused on the case when both - TV WS
and LSA channels are available. Namely, the objective was to gauge the gains from using
the CS spectrum and evaluate the cost, that is the required bandwidth from the ES band,
for a given QoS target. To the richness of the study contributes the fact that shared carriers
exhibit very different propagation characteristics - at 620 MHz and 2.3 GHz. Furthermore,
the scenario in this chapter addresses topology of particular interest for the framework -
it combines macro cells, which employ EO spectrum, together with different densities of
RRHs. The main performance metrics i.e. the median and cell-edge user throughput across
different carriers are used for evaluation, and determine the spectrum requirement. In the
CS band permitted power varies; hence, illustrative maximum and minimum power levels
corresponding to good and poor DTT service areas are used. Besides, power scaling reflects
the fact that a number of entities share the band. The results show that a carrier with good
propagation characteristics such as 620 MHz carrier provides significant gains to the user
rates. Besides, the improvement that comes with operating in a good DTT service area,
when there is no power scaling, is more pronounced for a low density of RRHs. However,
similar rates may be obtained when operating below the maximum permitted power, by
using, for example, 27 dBm. It means that sharing in the power domain in the area with
good DTT service does not have a significant detrimental effect on the performance, as
long the power levels do not drop more than 10 dB. These findings, of course, do not take

into account any additional interference as a result of sharing between the different entities.
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Furthermore, the results show that the RRH density is of paramount importance when
providing performance gains - the throughput increases in the range of 190 — 240% are seen.
A significant effect of the network load on the performance and spectrum requirement is
also illustrated - evident as the number of users in the system directly affects the amount
of resources each user gets, regardless of the scheduling metric. The target rate is another
important factor that determines the spectrum requirement. It is shown that when the
operator has the flexibility of lowering the target rate, the bandwidth requirement, and
consequently, the cost for the operator may be significantly reduced, particularly in high
load cases. The flexibility can, therefore, be considered as the operator’s design parame-

ter that, depending on the requirements, manages the trade-off between the QoS and the cost.

This chapter addressed many challenges that the framework set out to quantify and answer.
It also illustrated the complexity of interaction between different parameters that affect such
a framework. At the same time, it highlighted the need to analyse the framework considering
the effects of a higher density of LPNs as well as the impact of inter-system interference in
the CS band. Hence, Chapter 7 endeavours to deal with these aspects, looking at both -
CBB and DBB architectures.




Chapter 7

Analysis of the Complete Sharing

Framework

The last chapter presented an extensive analysis of the sharing framework for the CBB
architecture using Carrier Aggregation. This chapter broadens the analysis also to include
the DBB architecture with Dual Connectivity and the impact the backhaul technologies have
on the sharing framework. The chapter examines the spectrum requirement from the ES
spectrum to deliver the specified QoS targets for low, medium and dense deployments of
LPNs and different network load. A range of conditions in the CS band is incorporated into
the analysts, including transmissions by "foreign" interferers. The major aspects of control
plane are also considered. The effects of the identified parameters are formalised through
sensitivity analysis. The chapter starts with a brief outline of both baseband architectures.
Section 7.2 guides the reader through the overall scenario, including the employment of
selected spectrum bands on different tiers and spectrum characterisation. This section also
explains the methodology and gives a mathematical formulation of the calculation of spectrum
requirement from the ES band. Section 7.3 describes the system parameters, whereas Section
7.4 presents the results. Sensitivity analysis and the associated discussion is given in Section

7.5. Section 7.6 discusses the key findings and concludes the chapter.

7.1 A brief reminder of the two architectures

CBB Architecture €4 Carrier Aggregation. In this architecture, LPNs are RRHs and
the baseband processing is done centrally. The spectral resources from both tiers - macro
and the tier of RRHs can be aggregated using Carrier Aggregation mechanism. In Carrier
Aggregation, for each user, a single component carrier (CC) is designated as a primary
carrier. Primary carrier is responsible for mandatory functionality, including maintaining
the signalling connection to the core network. Other CCs are secondary carriers, added

as extra resources using dedicated signalling. In Carrier Aggregation, there is a single



108 Analysis of the Complete Sharing Framework

scheduling function. The scheduler can optimise radio resource allocation based on different
scheduling metric, which may, for example, take into account channel state for users across
different carriers. Furthermore, Carrier Aggregation enables cross-carrier scheduling!, which
facilitates transmission of scheduling information by a carrier different from the carrier
that transmits user traffic. As discussed in Chapter 2, subsection 2.2.1, p.27, the CBB
architecture requires a strict adherence to the stringent requirements on throughput, delay

and jitter.

DBB Architecture € Dual Connectivity. Small cells are LPNs in this architecture,
which relies on Dual Connectivity mechanism to achieve a simultaneous connection to two
nodes. In Dual Connectivity, one of the nodes is designated as a Master eNodeB, and the
other node is a Secondary eNodeB. Regarding the user plane, each node implements the
whole protocol stack, including the scheduler. The 3GPP standard [90] defines two possible
architectural options for handling the user traffic. The architectural option of interest in
the thesis is the option where for a particular service, a user can be connected either to a
macro-tier or a tier of small cells. This option, as discussed in subsection section 2.4.2.2, p.41,
does not pose requirements on the latency introduced by the backhaul link and supports any
backhaul solution. However, in this case, it is not possible to aggregate spectral resources
across the tiers. Still, the aggregation of carriers within each tier is possible. In that case,
at least one cell in the Secondary eNodeB has to have a configured UL CC with the UL
control channel [90]. As per control plane, a Master eNB, responsible for control signalling
towards the core network, may be implemented either on a macro tier or a tier of small
cells. The Master eNodeB initiates the addition of a Secondary eNodeB, which is signalled
through the X2 interface. In case the Secondary eNodeB can admit the request, its radio
resources are provided to the user. Master and Secondary eNodeBs are connected over the
X2 interface and use a range of backhaul technologies. These technologies may introduce a

delay that ranges from few to several dozen milliseconds - see Table 2.1, p. 29.

7.2 The framework

7.2.1 Overall scenario

This chapter also features EO, ES and CS spectrum classes. In this chapter, however, both
baseband architectures within the framework are considered. The EO carrier is employed
by a macro tier, in both architectures. The ES and CS carriers are employed by the tier
of LPNs - RRHs, or small cells. In addition, in this chapter, other (cellular) systems that
operate on the same channel in the CS band using LPNs are considered. This chapter, as the
previous one, refers to them as "foreign” interferers. By allowing multiple other entities to

operate in the band should illustrate the increased levels of interference expected in this band.

!See Chapter 2, subsection 2.4.1.5, p. 36.
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Fig. 7.1 depicts the topology of the scenario. The LPNs are distributed randomly, with
the constraints on the minimum distance between all types of nodes (macro and LPNs)
as outlined in [77]. Further, the scenario analyses different LPN densities and a fixed
number of users, clustered around LPNs. The users are deployed within the specified
distance from the LPNs, according to [77]. Such a configuration, therefore, reflects a typical
deployment of LPNs in high-traffic (hot-spot) areas. The remainder of users is randomly dis-
tributed over the entire (macro) cell area, including an area in proximity to an LPN. All users

are distributed following the distance constraints to macro nodes and LPNs, according to [77].

To summarise, the scenario in this chapter incorporates:
e macro cells operating using the EO carrier

o operator’s LPNs (RRHs and small cells) that employ shared spectrum - ES and CS

carriers
e "foreign" low power interferers in the CS band

e a fixed number of users, clustered around LPNs - the remainder of users is distributed

throughout the cell.

f - EO spectrum carrier \X A Cellular operator’s RRHs/small cells
=7 -~

f, — CS spectrum carrier

A Other (“foreign”) LPNs

f, — ES spectrum carrier f

Fig. 7.1 Deployment scenario with different RRH/small cell densities, featuring operator’s and
"foreign" LPNs. LPNs employ shared carriers. A fixed number of users is clustered around
LPNs, whereas the remainder of users is distributed across the whole macro cell area.

7.2.2 Control plane & signalling aspects

Chapter 3 described how the framework proposes to use macro tier to provide mobility and

coverage. The previous chapters did not analyse signalling aspects from the perspective of
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shared carriers. This subsection describes how the framework considers certain aspects of

control plane, which are also used later in the analysis.

7.2.2.1 EO spectrum

The EO spectrum employed by the macro tier provides the functionality found in current

networks:

o synchronisation signals for the purpose of synchronisation between a macro cell and

all terminals in the cell
« basic system information required by the terminals to access the cell

 control signalling carrying scheduling information and transmission acknowledgements

concerning the UL transmission

o cell specific (pilot) responsible for cell search, channel quality measurements and

channel estimation for coherent demodulation

e spectrum resources for data transmission.

7.2.2.2 Shared spectrum

Regarding control plane and signalling aspects on the shared carriers, the framework
proposes a solution that would, to a certain extent, reduce the amount of signalling carried
by the LPNs. The split between the user and control plane in heterogeneous networks was,
among first, introduced in [159]2. In the sharing framework, pilot signals and scheduling

transmissions are proposed to be handled as described below.

Pilot (cell-specific reference) signals. In LTE, Cell-specific Reference Signal (CRS)
is the basic signal that facilitates channel measurement and channel estimation for coherent
demodulation. The CRS signal can be transmitted only on 1,2, or 4 antenna ports. In the
framework, pilot signals should be transmitted from every carrier - EO, ES and CS bands -
in both architectures, to facilitate channel quality measurements and channel estimation for
coherent demodulation. It should be noted that a new type of reference and demodulation

signals are introduced as a part of 3GPP Release 10 to support more than 4 transmit layers

2A small cell that carries no or very little signalling is in [159] referred to as Phantom Cell. From the
control plane perspective (i.e. the RRC signalling), Phantom Cell is managed by a macro node. Phantom
Cell, however, has a data path to the core network [159]. Based on the Phantom Cell concept, the 3GPP
Release 12 introduces "cell on/off" mechanism [90], which allows turning the downlink transmission of a
cell on and off, for the purpose of load balancing, interference management and energy saving. Such a cell
may only transmit a periodic discovery signal [90], [86], which the UE may be configured to measure for the
purpose of radio resource management.
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and non-codebook-based precoding®. Within this chapter, CRS is utilised. The solution
based on CRS is suitable as a single transmission layer is considered, and the CRS signal

provides the required functionality for all carriers.

Scheduling transmissions. In the CBB architecture with Carrier Aggregation, the
proposal is that the EO spectrum reuses the existing mechanism of Carrier Aggregation - i.e.
cross-carrier scheduling - to provide control information regarding scheduling transmissions
on the shared carriers. In the DBB architecture with Dual Connectivity, the proposal is
that each shared carrier provides control information regarding scheduling transmissions,

albeit with a smaller number of symbols.

7.2.3 Spectrum characterisation

The main spectrum attributes used in this analysis are outlined below.

Spectrum bands As in the previous chapters, the 2 GHz band is considered for the EO
band, using the main parameters as per [77]. For the shared spectrum, this chapter studies
the case when two classes are situated in the same, high-frequency band. For that, the 3.5
GHz band is adopted. While the bands used in Chapter 6 - i.e. TV White Spaces and 2.3
GHz - could have been analysed in this chapter as well, the 3.5 GHz band is chosen as higher
frequencies are of interest, particularly in the context of LPN deployments. Furthermore,
certain aspects of the sharing framework match well with the FCC sharing model in the CBS
band, which is the 3.5 GHz band in the US*. The parallel between the sharing framework
and the CBS is, however, illustrative, as the sharing framework envisages a more dynamic

manner how e.g. ES spectrum is accessed, compared to the current rules for PALS.

3Namely, CRS, introduced in Release 8, does not support 8 transmit layers, envisaged by Release 10
and subsequent releases. Furthermore, CRS can only be used in the codebook-based antenna precoding,
where receiver must know vector of weights applied to the symbols in each transmission layer. For these
reasons, in 3GPP Release 10 and later releases, as a complement to the existing CRS-based solution, Channel
State Information - Reference Signal (CSI-RS) and UE-specific Demodulation Reference Signal (DM-RS) are
introduced. They are used to measure channel quality and for channel estimation for the purpose of coherent
demodulation, respectively. CSI-RS supports up to 8 transmission layers and non-codebook precoding, where
a receiver does not require the knowledge of the precoding matrix. CSI-RS also introduces less overhead due
to a reduced time/frequency density. CSI-RS needs to be used together with DM-RS, which is a reference
signal intended for demodulation for a specific UE. 1t is transmitted only in the resource blocks designated
for transmission to that UE. Furthermore, to avail of the DM-RS signals and minimise the overhead related
to control and discovery signals (pilot and synchronisation), a new carrier type is considered for an inclusion
into a 3GPP standard. Such a carrier, therefore, would fit well with heterogeneous deployments with Carrier
Aggregation and Dual Connectivity as it would reduce the overhead carried by the LPNs [160].

4To remind the reader, the CBS band uses as a basis a three-tier sharing model. The GAA tier has the
lowest priority in spectrum access and no interference protection from the upper two tiers - incumbent and
Priority Access. On the other hand, PA Licensee has the exclusive license for transmission in the specified
temporal, spatial and frequency domains, and enjoys interference protection from the GAA tier. The Priority
Access tier, however, has to accept interference from the top-tier (incumbent federal users and fixed satellite
stations). The FCC has finalised the rules on the band in April 2015.

5The PALs are authorised to use spectrum resources in a particular channel in a single census tract for
three years.
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Availability of the shared bands In this chapter, for the CS band, the channel avail-
ability is analysed in binary terms - the channel is either available or not available. The ES

band is considered available.

Cost of shared bands One of the major differences between the two shared spectrum
classes is the cost of accessing the shared spectrum. The ES band envisages a usage fee,

which is proportional to the requested amount of spectrum. The CS spectrum is free.

Power levels In the EO band, power is the same as in the previous chapters and according
to [77]. The power levels for the ES and CS bands are according to rules in [61] for permitted
power /emission levels for GAA and PA tiers in urban areas. They are, however, applied
differently. In the ES band, fixed (maximum) power and antenna gain, as stipulated by
[61], are adopted. In the CS band, different power levels, which scale up to the maximum

permitted power/emission level, are considered.

Path loss and shadowing calculations The channel model specified in [77] is used for
calculation of path loss and shadowing for all bands. The channel model covers the frequency
range from 2 to 6 GHz and a range of environments. It uses different formulae for Line of
Sight and Non-Light of Sight communication. In the EO band, the urban macro cell model
for 2 GHz frequency carrier is used, whereas in the case of shared bands, urban microcell
model is used. The microcell model is appropriate for LPNs in the framework, as it applies
to local and metropolitan areas, where the antennas of the cells (and the terminals) are

assumed to be outdoors and below the rooftops of the surrounding buildings [77].

Interference As mentioned throughout the thesis, interference is treated as additive noise
and is calculated based on the transmit power and path loss including shadowing. In this
chapter, users in the EO and ES band experience interference from the operator’s LPN

nodes. In the CS band, users experience additional interference from "foreign" LPNs.

7.2.4 Selection criteria for spectrum requirement decision

Here, the main aspects related to computing the additional spectrum from the ES band
are described. In line with the constructs of the framework, this is the amount of spectrum
a cellular operator needs to lease to provide a certain minimum QoS. The objective is to
minimise the cost for the operator. Hence, the operator resorts to the ES spectrum only if
the target QoS cannot be met by using free, CS spectrum and the EO spectrum. Considering
that a decision on the amount of required spectrum by the cellular operator is expected to
be made on a significantly longer time-scale than that of resource scheduling, the QoS is
defined as an average throughput for a typical user. Given that, it is envisaged that spectral

resources are allocated using the simplest form of scheduler i.e. the RR scheduler, which is

P ——
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different from the analysis done in the previous chapter. The objective is therefore to min-

imise the amount of bandwidth w, which the cellular operator can lease for a specified period.

The bandwidth minimisation is subject to a constraint on the mean rate from all tiers a
typical user can access. Namely, in this chapter, a typical user is a user that can take any
position within a (macro) cell while adhering to the distance constraints to all types of nodes.
Furthermore, at least a fraction of positions will be within 40 m from an LPN, depending
on the density of LPNs. Typical user’s SINR distributions, for each spectrum band, are
obtained by performing a large number of simulation runs over a spatial domain, where a
user connects to the strongest node, whereas transmission from other nodes is treated as
interference. It is envisaged that the typical user supports Carrier Aggregation and Dual

Connectivity.

Given this, three aspects affect this constraint:

o The first aspect relates to setting the target throughput. While there are many
possibilities to adopting the target throughput for such a network, in this analysis,
the target throughput is measured through a gain for a typical user with respect to

the throughput achieved in a macro cell, similarly to [161].

o The second aspect relates to the difference between the two architectures. For the
CBB architecture, the amount of spectrum from the ES band is determined by the
throughput the typical user experiences combining the EO, and CS band, if the CS
band is available. Hence, in this case, inter-tier spectral resource aggregation is possible,
as depicted in Fig. 7.2 (left). For the DBB architecture, the spectrum requirement
is solely determined by the rate in the CS spectrum, if the CS band is available. In
this case, there is no inter-tier spectral resource aggregation, as the right-hand side of
Fig. 7.2 depicts.

e The third aspect to consider is the potentially different coverage in the ES and CS
bands. Namely, coverage in the CS band depends on the power levels and the number
of "foreign" interferers. Namely, should the SINR in this band fall below certain
minimum value typically considered in the LTE systems, denoted as /3, the spectrum
requirement should be computed based on the throughput in the ES spectrum only.
Hence, the throughput in the CS band is taken into account in the calculation of
spectrum requirement only if a probability of the typical user being able to access the
CS band is greater than some predefined access threshold 5. On average, this probability
is equivalent to a percentage of users in the CS band with SINR > 3. Therefore,
the CS band affects spectrum requirement only if a percentage of users within its

5This is the minimum SINR value required to decode the pilot signal, also discussed in Chapter 4.
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Fig. 7.2 Computation of spectrum requirement for CBB (left) and DBB architecture (right).

is no requirement for the threshold to be applied for the ES band.
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7.2.5 Mathematical formulation of the selection criteria

coverage is > 4. It should be noted, however, that in the spectrum requirement
calculations, the access threshold has not been introduced for the purpose of ensuring
that low-power nodes provide coverage. That role belongs to the macro tier. The
threshold is introduced to ensure that when both shared spectrum bands are utilised,
the spectrum decision is not based only on a small percentage of users that can access
the CS band. Instead, the decision should be based on a sufficient number of users
that can access both bands. Considering that the analysis shows that the ES spectrum

provides a high probability of coverage even in the case of a low density of LPNs, there

Mathematically, the criteria for the decision on spectrum requirement from the ES band

can be written as:

In CBB, this is subject to:

min w

15(7rc) . E[Rl] =+ E[RQ] S E[R] =R

whereas in DBB, Eq.(7.1) is subject to

Here:

15(me) - E[Rl] + E[R2] > R

e FE[R;] - mean throughput of a typical user in the CS band

(7.1)

(7.2)
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o FE[R3] - mean throughput of a typical user in the ES band
« E[R] - mean throughput of a typical user in the EO band

o Ry - target throughput computed with respect to a desired gain of the mean user

throughput in a macro cell with light load:

Ry =1- E[Bﬂ”n.acro] (7-4)

o E[Rpmacro] - mean user rate in a lightly loaded macro cell

e [ - an integer multiplier denoting the required gain with respect to the mean user

throughput in a macro cell

e 15(m) is an indicator function, where 7. is the probability of a typical user being able

1S T =00 o
Ls(me) = (7.5)

to access the CS band:

0 otherwise

In line with the LTE standard, w is an integer decision variable, as spectrum can only be
purchased in blocks of certain widths. As in the previous chapter, the nominal channel
width is 5 MHz". This is according to the LTE standard, including the fact that the greater
channel widths in LTE i.e. 10, 15,20 MHz are a multiple of the adopted nominal channel
width. It is also the case with the channel width in the shared bands as stipulated by [61]
(10 MHz). Furthermore, in this chapter, spectrum requirement from the ES band is capped
at 20 MHz , i.e. w € {0,5,10,15,20 }. Namely, to consider the spectrum requirement from
the ES band that is greater than 20 MHz would require considerations of the additional
CCs i.e. channels, which would then have the implications for the throughput calculations,
described in subsection 7.2.5.2, p. 116, and Table 7.4, p. 124. Hence, this chapter focuses on
the analysis of the ES spectrum, with a single CC and a maximum bandwidth of 20 MHz.

Computing the average throughput of a typical user in each of the spectrum bands requires
computation of SINR, normalised throughput and average bandwidth per a user. The

remainder of this subsection (7.2.5) provides the details on each of these steps.

7.2.5.1 SINR computation

When computing SINR, each user is associated with the cell providing the strongest signal.
Hence, the SINR of a random user u, associated with LPN (cell) ¢ on the ES band is given

" As outlined in Chapter 6, p. 89, in LTE band 40 (2.3 — 2.4 GHz), only the channel widths that are
multiple of 5 MHz are supported.
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by:
SINR,; = . 2 Li (7.6)
Nin + 3 =1 Bz - Lju
JFi
where

e P, - power of the LPN the user is associated with

o L;, - path loss (including shadowing) and antenna gains on the link between serving
LPN (cell) 7 and user u

e NV, - thermal noise

e Lj, - path loss (including log-normal shadowing) and antenna gains on the link

between interfering (operator’s own) LPN j and user u.

The SINR on the macro tier is computed in the same way i.e. taking into account path loss

and shadowing, and inter-cell interference, but for brevity is not shown.

The SINR of random user u, associated with LPN (cell) m on the CS band is given
by:

7
Nth ot ZIJ\{=1 Ptz : Lj,u = Z Ptz > Lz.u
j#m =1

SINRy m = (7.7)

where Z represents the total number of "foreign” interferers in the macro cell area, and
L., incorporates path loss (including log-normal shadowing) and antenna gains on the link
between "foreign" interferer z and user u. The SINR distribution determines 7¢, as 7¢ is a

probability that the SINR takes values that are greater to or equal to .

7.2.5.2 Computation of a normalised throughput

In computing the normalised throughput, that is the spectral efficiency® i.e. the loga(1 +
SINR) term in the Shannon formula, certain practical aspects of real (LTE and LTE-
Advanced) systems are taken into account. They include maximum throughput that can be
achieved using the highest order modulation and coding, as well as the loss of bandwidth

efficiency.

Given this, for the calculation of normalised throughput - denoted by SE(b/s/H z) - modified

8Normalised throughput and spectral efficiency are interchangeably used in this chapter.
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and truncated Shannon formula is used, according to [135]:

SYS.ss - loga(1 + SHWEz ) if SINR > SINRr

SINR.s
SE = { SYSes; - loga(1 + 355—’,;’*”) if 3 < SINR < SINRp (7.8)
0, otherwise

where

o SYScsyis afactor that incorporates the losses in bandwidth and system efficiency due to
guard band, cyclic prefix, and system related aspects. Bandwidth efficiency losses relate
to guard-band and cyclic-prefix. Namely, to suppress OFDM associated out-of-band
emissions, LTE uses guard band in the frequency domain. In the time domain, cyclic
prefix is a guard-time, introduced to preserve orthogonality between the subcarriers
[71]. Within this analysis, system related aspects include CRS, synchronisation signals

and downlink control channel signalling.

e SINR.y; is a factor that adjusts for the implementation loss in SINR, compared to
theoretical, AWGN channel (Shannon) capacity [134], which envisages error-correction

codes of an infinite-length.

e SINR7t is a value at which a maximum throughput is reached, using the highest order

modulation and coding [135].

It should be noted that SYS.s; has a different value for the EO, ES and CS bands in the
two baseband architectures within the framework. Firstly, in both architectures, in all
spectrum classes, the overhead associated with guard band, cyclic prefix, and cell reference
signals is considered. Namely, the guard band and cyclic prefix are inherent to LTE/OFDM
systems. Furthermore, as discussed in subsection 7.2.2, p. 109, CRS is required for channel
quality measurements and channel estimation for coherent demodulation. In the CBB
architecture, the additional overhead due to synchronisation signals and control channel
signalling is calculated only on the EO spectrum resources (macro tier). Hence, as per control
channel signalling, the EO spectrum should carry all the information regarding scheduling
on all carriers. It also should carry any UL transmission acknowledgements. In the DBB
architecture, a small overhead associated with the additional synchronisation information
should be included in the shared spectrum (the tier of LPNs)?. Also, the overhead associated
with the control region of a radio subframe that should carry the scheduling information on
the shared carriers is included. This control region (i.e. the overhead) should be smaller
than is the case with the EO spectrum where spectrum resources carry the scheduling

assignments and grants for all users in a macro cell.

9The additional synchronisation information is used for the alignment of discontinuous reception and
identification of measurement gap [90].
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7.2.5.3 Average bandwidth per a user

As outlined earlier, this chapter considers a throughput that a typical user will experience
over several time-scales of the scheduling time interval, and the use of the round-robin
scheduler. It is, therefore, envisaged that, on average, equal bandwidth b, is allocated to
each user. Here, b, is the number of basic units of resource allocation Arg, and depends on

the number of users U, and the total amount of bandwidth, i.e. b, = ﬁ.lo

7.2.5.4 Constraints computation finalised

Given all the above, for the CBB architecture, the expected rate of a typical user is the sum

of expected rates from all tiers. The constraint in Eq.(7.2) can be written as:

W
15(m) - El . E[SE1] + I% . E[SEy)+

i1 E[SE] >R
K = {Yh

(7.9)

For the DBB architecture, the average user rate can only be provided either by the macro,

or the tier of small cell. Hence, for a typical user within the coverage of small cells, the

constraint in Eq.(7.3) can be written as:

W,
15(ne) - - - BISEi] + 2= E[SE)] > Ren (7.10)

where
e W - channel bandwidth in the EO spectrum
o Wj - channel bandwidth in the CS spectrum
e K - number of users in a macro cell
e K - number of users within the coverage of the CS band
o Ky - number of users within coverage of the ES band

o FE[SE] - mean normalised throughput of a typical user in a macro cell, according to

Eq.(7.8), computed over spatial domain

o FE[SE;] - mean normalised throughput of a typical user in the CS band, according to

Eq.(7.8), computed over spatial domain

o FE[SE,] is a mean normalised throughput of a typical user in the ES band, according

to Eq.(7.8), computed over spatial domain

10This is applicable to LTE/OFDMA systems.




7.2 The framework 119

o Ry is the minimum required average user rate defined in Eq.(7.4).

Spectrum decision aspects described in subsections 7.2.4, p. 112, and 7.2.5, p. 112, are
represented in the flowchart - Fig. 7.3. It should be noted that when the required bandwidth
from the ES spectrum class needs to be drawn from multiple carriers, the total number of
carriers cannot exceed the maximum supported number of carriers as per the LTE standard!.
In the case of CBB architecture, this includes the EO carrier and the CS carrier, if it is

available. For the case of DBB architecture, this includes the CS carrier if it is available.

""The maximum number of carriers in Carrier Aggregation is up to Release 12 fixed to 5 with maximum
transmission bandwidth of 100 MHz [89]. As mentioned in Chapter 6, in Release 13, this number is expected
to be increased to 32, supporting also greater transmission bandwidth [143].



Analysis of the Complete Sharing Framework

120

wnJyoads paseys Ajuowwod

3 PaJeys A|3AISN|Xa aY) UO Jwsuel]

i

_ UM =m

_:k z
g+ Ca+ @a

(24)4 pueq
3AIsN|xa 3yl Ui Indy3nouyy Jasn adesane ay) aindwo)

f

(“3/m) pueq paseys AjaAisnjoxa
ay3 ul 1asn Jad yipimpueq adesane ay) andwo)

1

2y wnJ3dads paieys Ajaaisn|oxa Jo adesanod
3y} Ul $135N JO Jaquinu 3y} 3INdwio)

t

[° 4 §13 pueq paseys Ajaaisnoxa
33 uo Aduaiyyas |es3dads pajradxa ay) andwio)

t

wnuydads paseys AjaAIsn|Ixa 3yl uo yYNIS aindwo)

i

YMm=m

pueq paJeys Aj3AISN|oxa 3y} Ul yipimpueg

[

(wnuydads paseys
A[AISN|2X® BY) Ul YIPIMPUEQ [EUJWOU JO Xapul) I=u

— wnidads paseys AUoWWod 343 UO Jwsues|

SaA ﬁ

Wy ('wa+a
ON

("y) 3 wnipads paseys Ajuowwod
2y ul Indys8nouy) 1asn adessae ay) ayndwo)

I

(*3/' M) wnuoads paseys Ajuowwod ayy
uy Jasn Jad yipimpueq adesane ayy andwo)

I

'asi
wnJjads uowwo? ayy
uo Aduaidiys |eiydads payadxa ay) andwo)

Sa4 =9

oN
t

1) - wniydads paseys Ajuowwod
40 38e43A00 3Y3 UIYIM SI3SN JO # 3INdwo)

f

(> u) wniyoads paseys Ajuowwod
40 38213702 3Y) UIYIIM SI3SN JO % 3INdwo)

f

wnuoads —

(1) 3 wnupads paumo AjaAisn|axa ayy
ur Indy8nouy sasn adesane ayy aandwo)

I

pueq paumo A[aAISN|IXa ay3 uo (3/M) 43sn
e sad yipimpueq adesane ayy ayndwo)

!

wnJ3oads paumo Ajpaisnpxa ayi uo [ 7 513
Aduaiys (endads pajradxa ayy ayndwo)

!

wniads
PaUMO AjaAISN|IXa 3Y) UO YNIS 3Indwo)

paJeys Ajuowwiod ay) uo YNis »)

0=C"w1

wnupads paseys Al

ay3 ul Indys8nouyy Jasn adesany

0=3

o]

.__ s34

¢uonedaiddy
Jalue) g g8

(P Zap T} 3 M

Q9 MMy

t from the

uliremen

king process to compute the spectrum req

1011-1ma.

Fig. 7.3 Flowchart of the decis

ES spectrum



7.3 System parameters 121

7.2.6 Modelling the framework

In the previous chapter, HetNet+ was used to compute the user rate and spectrum require-
ment from the ES band, using the PF scheduler. The scenario in this chapter features some
additions. They include new channel model for urban microcell and the addition of "foreign"
interferers. These would require further modifications to the simulator. Considering that
the focus of the analysis in this chapter is on the mean user rate using the simplest form
of scheduler, i.e. RR scheduler, the scenario in this chapter is modelled using separate
Matlab-based modules that:

o simulate deployment of users and "foreign" and operator’s LPNs within a macro
cell. The users are deployed randomly using non-uniform distribution, adhering to
the distance constraints to macro cell and LPNs, according to [77]. As outlined in
subsection 7.2.1, p.108, a fixed number of users is clustered around operator’s LPNs,
whereas the remainder of users is deployed throughout the cell area. All LPNs are
deployed randomly, with the distance constraints to the macro cell, and between the

LPNs. Different density of "foreign" and operator’s LPNs are considered.

o calculate SINR for all carriers on macro tier and tier of LPNs, based on the deployment
and according to subsection 7.2.5.1, p. 115. The computed SINR distributions for the
ES and CS spectrum for different LPN densities are used to compute:

— coverage probabilities and corresponding (average) number of users on each

shared carrier!?

— normalised throughput, according to subsection 7.2.5.2, p. 116

o calculate spectrum requirement for each of the baseband architectures, as described in

subsection 7.2.5.4 and as per Fig. 7.3.

As in the previous chapters, the full-buffer traffic model is used.

7.3 System parameters

This section outlines the main parameters and their values used in the analysis. The
placement of the LPNs and users, with respect to minimum distance is given in Table 7.1,
according to Table A.2.1.1.2-3 in [77]. The placement of users is clustered and non-uniform,
and broadly follows case 4a in [77]'®. The low, medium and high density of LPNs are
analysed - operator’s as well as "foreign” interferers in the CS band, as outlined in Table

7.2. The main input parameters for the EO, ES and CS bands are given in Table 7.3.

2The analysis shows that macro cell provides full coverage.
!3The number of users that are dropped within 40m of an LPN in configuration 4a in [77] is 4. In this
analysis, 2 users are dropped within 40m of an LPN, however, a greater LPN density is considered.
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Table 7.1 Distance between the nodes and UEs in this chapter

Minimum distance (m)

Macro nodes - inter-site distance
(urban environment) 500
Macro nodes - LPNs =75
Distance between LPNs > 40
UE - macro nodes =35
UE - LPNs > 10

UE distribution

2 UEs within 40m of an LPN

remaining users over the entire macro cell area

Table 7.2 Density of the LPN nodes

# of operator’s LPNs

2,4,

10, 20

# of "foreign" LPNs in the CS band

0, 3,10, 20,30

Table 7.3 Input parameters for the EO, ES and CS bands

EO Spectrum

ES Spectrum

CS Spectrum

Spectrum

50 resource blocks
over 10 MHz @ 2
GHz

25 resource blocks
over basic unit of
bandwidth of 5
MHz @ 3.63 GHz

25 resource blocks
over bandwidth of 5
MHz @ 3.55 GHz

TX power (dBm)

46

24

1,6,11,16,21,26, 30

BS Antenna
pattern/gain
(dBi)

Omni-directional

antenna / 14

Omni-directional

antenna / 6

Omni-directional

antenna / 0

Channel model

Urban macro cell
(Model 2),
according to [77]

Urban micro-cell,

according to [77]

Urban micro-cell,

according to [77]

Finally, Table 7.4 depicts the factors taken into account when calculating SYScyy
parameter in Eq. (7.8), where entry in each cell of the table is calculated based on the

bandwidth of the relevant spectrum band and a radio frame duration (10 ms). Specifically:
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o LTE uses the guard band of 10% of the total bandwidth [162]. In this thesis, the
guard band is already taken into account with the size of resource block, as mentioned
in Chapter 4, p.65.

e Asper the cyclic prefix, normal length cycle prefix introduces overhead of approximately
6.7% [162].

o CRS introduces approximately 4.8% overhead by occupying 4 out of 84 resource

elements in each resource block [162].

e Downlink common control channel occupies first few OFDM symbols in the subframe,
with the maximum supported three (3) symbols per a subframe, and spans the whole
bandwidth [163].

e Primary and secondary synchronisation signals, together with the broadcast channel
in the radio frame occupy, in total, 488 resource elements [162]. These are included in
the calculation of macro cell system efficiency. On the other hand, the information on
synchronisation offset between Master and Secondary eNodeBs in the DBB architecture
is envisaged to be carried on the broadcast channel, which requires 240 resource
elements [162].

The SYS.s; is obtained by multiplying the corresponding factors and is given at the bottom
of the table for all the bands, depending on the architecture - CBB, or DBB.

7.4 Results

This section describes the results, according to the considered scenario and selection criteria,
explained in subsections 7.2, p. 108 and 7.3, p. 108. First, the access probability and mean
spectral efficiency results are presented, followed by the spectrum requirement results in
subsection 7.4.2, 127.

7.4.1 Access probability & mean normalised throughput

In the ES spectrum, access probability ranges from 0.98 in the case of 2 LPNs per macro
cell to 1 in the case of 20 LPNs per macro cell, for the 5 MHz ES channel'®. Fig. 7.4 and
Fig. 7.5 illustrate the access probabilities, that is the average percentage of users within the

140Only for the LTE bandwidth of 1.4 MHz, 4 symbols are supported. It should also be noted that Release
11, in addition to the existing downlink control channel Physical Downlink Control Channel (PDCCH),
introduces an enhanced version of this channel - ePDCCH to support an increase in control channel capacity
in a flexible manner, using time and frequency domains [95].

'5In cases of 2 LPNs and 10, 15 and 20 MHz channel, access probability is slightly reduced compared to
the 5 MHz channel, but it is still greater than 0.86. This is due to the effects of noise i.e. - the wider the
bandwidth. the greater is the noise in the receiver. This effect can also be seen for 4 LPNs, but then the
access probability for 20 MHz channel is greater than 0.96%.
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Table 7.4 System efficiency calculations for both architectures

Factor effecting | EO spectrum (only Shared spectrum Shared spectrum
the efficiency for CBB) (CBB) (DBB)
Guard band 1 Il 1
Cyclic prefix 0.93 0.93 0.93
Gl aetenguce 0.95 0.95 0.95

signal

Gometon entbobiy Lo i i) 1 0.93 (1 symbol)

channels ’ RO ' e

Synchronisation

signals & 0.99 1 0.99
broadcast channel
Correction factor,

according to [135] b i s

SYSesy 0.62 0.79 0.73

coverage of the CS band. Fig. 7.4 depicts the access probability for all considered number
of "foreign" interferers, whereas Fig. 7.5 shows access probabilities for all power levels when

there are no "foreign" interferers. The following trends can be observed:

e For the low and medium density of LPNs, and the case of 30 dBm and no interferers,
2 LPNs per macro cell already provide practically full coverage, Fig. 7.4. The access
probability for different power levels is, however, very different, as depicted in Fig.
7.5. Cases with low power levels (1 dBm) have 34%, that is 57% percentage of users
within the coverage, for 2 and 4 LPNs respectively, even when no "foreign" interferers
are present. The number of "foreign" interferers, as expected, has a detrimental effect
on the access probability. With the addition of 3 "foreign" interferers, for the case
of 2 LPNs, Fig. 7.4, the access probability almost halves. This trend of sharp fall
in the access probability with the presence of "foreign" interferers can be seen at all
power levels. As the number of "foreign" interferers further increases to 20 and 30,
their effect on the rate of reduction lessens, but the access probability is low, as Fig.
7.4 shows. Furthermore, the results indicate that in all cases where the number of
"foreign" interferers is 10 or higher, the network enters interference-limited regime. In
these cases, for a given number of LPNs, practically the same access probability can

be observed regardless of the power levels.

o In dense LPN networks (10 and 20 LPNs), most cases with no "foreign" interferers

provide the coverage to above 90% of users - the exception being the case with the
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Fig. 7.4 Access probability for the CS band for all cases with different cell densities and a different
number of "foreign" interferers. The power level is set to 30 dBm. For the case of 2 LPNs,
the difference in coverage between 0 and 30 "foreign" interferers is pronounced and ranges
from 98% to 12%. With 20 LPNs, the difference in coverage probability with a different
number of "foreign" interferers subsides significantly. It falls from 100% with 0 to 73%
with 30 "foreign" interferers.

power of 1 dBm and 10 LPNs. The effect of reduction in coverage with the increasing
number of "foreign" interferers is reduced in all cases, as the received (useful) signal
improves for a range of user’s locations due to a denser network. This trend is
particularly pronounced for 20 LPNs and any number of "foreign" interferers. For
example, for 20 LPNs and 30 interferers, percentage of users that can avail of CS

spectrum resources is, on average, 73%, for all power levels.

Mean normalised throughput As expected, the mean normalised throughput, that is
the mean spectral efficiency in the ES band gradually increases with the increase in the
number of LPNs per a macro cell. With 4 and 10 LPNs, the mean normalised throughput
for the 5 MHz ES channel reaches just over 3 b/s/Hz!6. By increasing the number of LPNs

from 4 to 10, the access probability is increased, but the mean normalised throughput

16 As with the access probability, the normalised throughput for the ES channel of 10, 15 and 20 MHz
width is slightly reduced compared to the 5 MHz channel, in cases of 2 and 4 LPNs due to the effects of noise.
With 10 or more LPNs, the dominating factor is interference and there is no difference in mean normalised
throughput between different channel widths. The calculation of mean spectral efficiency takes into account
the link-level losses, which include cyclic prefix, guard band and the correction factor according to Table 7.4.
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Fig. 7.5 Access probability for the CS band for all power levels, and no "foreign" interferers. The
impact of power levels for the low and medium LPN density is pronounced.

remains the same. Eq. (7.8) gives an insight why this is the case. Namely, if SINR is
above a certain value of SINR7, regardless of the further increase in SINR, the normalised
throughput remains the same. With 20 LPNs, due to inter-cell interference, normalised
throughput is reduced to below 2.5 b/s/Hz - a decrease of around 20% compared to 10
LPN'7. In the CS band, in addition to the LPN density, different power levels, and number
of interferers determine normalised throughput. Fig. 7.6 depicts the effects of a different
LPN density and power levels, for the instances with no "foreign" interferers. The increase in
normalised throughput with the rise in power is noticeable for low and medium LPN density
(2 and 4 LPNs), up to 21 dBm. The effect of different number of interferers on the mean
spectral efficiency is depicted in Fig. 7.7. Fig 7.7 shows that for a low density of operator’s
LPNs, the effect of "foreign" interferers is more pronounced. The best mean normalised
throughput for 0 "foreign" interferers (for the power of 26 dBm) is achieved with 4 and 10
LPNs, as in the ES band. As the number of interferers increases to 3, 10 LPNs provide

the best performance. However, with 10 or more "foreign" interferers, the best normalised

throughput is achieved with 20 LPNs, which demonstrates the benefit of LPN densification.

17Clearly, a cellular operator can apply different methods to tackle inter-cell interference, such as ICIC,
aimed to coordinate scheduling between the cells in e.g. time-domain [164]. The operator can also resort to
a mechanism that enables smart activation/deactivation of small cells, based on the cell load, which also
improves energy efficiency [165]. Furthermore, with the expected rise of dense networks, advanced UE-based
interference suppression techniques should be considered together with network-based coordination schemes
to tackle interference [164].
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Fig. 7.6 Mean spectral efficiency in the CS band for the case of 0 "foreign" interferers. The highest
mean spectral efficiency is achieved in the case of 10 LPNs (except for the power of 1
dBm). The effects of different transmit power are noticeable for power levels up to 21
dBm, and 4 LPNs.

7.4.2 Spectrum requirement - both baseband architectures
7.4.2.1 Impact of CS spectrum availability

Fig. 7.8 illustrates the spectrum requirement in the CBB architecture. The spectrum
requirement is plotted versus the availability of the CS spectrum (x-axis) and the number
of users in a macro cell (y-axis), for a given density of LPNs and target throughput gain.
When the CS band is available, i.e. Av.s = 1 - the power and number of "foreign" interferers
are also fixed. The colour-bar on the right-hand side of the figure indicates the amount of
spectrum required to meet the target throughput - from 0 MHz (cold blue) to maximum of
20 MHz (deep red). In all cases, there is a difference in the spectrum requirement for the
two cases of CS channel availability - Av.s = 0 and Av.s = 1. This difference is always 5
MHz, which is the nominal CS channel width. When Av.s = 1, no additional spectrum is
required when macro cell is lightly-loaded (K = 10). As expected, the spectrum requirement
increases with the rise in the number of users and reaches 10 MHz for a heavily-loaded
macro cell. When Awv.s = 0, the spectrum requirement ranges from 5 MHz for K = 10 to 15
MHz for K = 50. With the same layout as in figure Fig. 7.8, Fig. 7.9 depicts the results
of the additional spectrum requirement for both baseband architectures for the case of 2

LPNs. When CS channel is available (Av.s = 1), there are no "foreign” interferers and the
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Fig. 7.7 Mean spectral efficiency in the CS band for the power of 26 dBm.

power is set at 30 dBm. Each image illustrates the additional spectrum requirement versus
the availability of CS spectrum (x-axis) and the number of users (y-axis) for each of the
architectures. Different rows represent different values for the indicated target throughput
gain. For example, the image in position (1, 1) depicts the spectrum requirement in the CBB
architecture, for the case of target throughput gain of x2. Position (1, 2) is the corresponding
spectrum requirement in the DBB architecture. Comparing the two columns shows that

even for the lowest target throughput gain of x2 and K > 40, the maximum spectrum

requirement is reached in both architectures, regardless of the availability of the CS band.

The reason for the high spectrum requirement is that practically all users can access both
bands (see Fig. 7.4) and only 2 LPNs provide spectral resources for high number of users
(K > 40). The difference between the requirement in the two architectures can be seen in
the case of target throughput gain of x2, and K < 30, and for target throughput gain of
x4 and K = 10. In these cases, the CS band reduces the amount of required spectrum by 5
MHz. Hence, by combining the CS spectrum and the CBB architecture, a reduction of 10
MHz in spectrum requirement can be achieved (Fig. 7.9, row 1, K < 30, CBB & Av.; =1
vs. DBB & Av.s = 0). Fig. 7.10 depicts the results for a dense network with 10 LPNs per
macro cell area. When Av.; = 1, the power in the CS channel is 30 dBm. The case with 3
"foreign" interferers is shown. For low and medium target throughput gain (i.e. x2, that is
x4), with Av.s = 1 and medium, that is lightly loaded cells, both spectrum architectures

can meet the required target throughput without resorting to the ES spectrum - see images
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Fig. 7.8 Spectrum requirement for the CBB architecture for the case of 10 LPNs per macro cell.
Power in the CS band, when available, is 1 dBm, and there are 3 "foreign" interferers.
The x-axis represents the availability of the CS band, and the y-axis depicts the number
of users in a macro cell.

in rows 1 and 2. Note that for target throughputs x10 and x20, and K > 20, spectrum
requirement is the same for both architectures and both cases of CS channel availability.
The case of an even denser network with 20 LPNs with 0 "foreign" interferers per a cell is
depicted in Fig. 7.11. The images, amongst others, illustrate:

o There is no difference in spectrum requirement between the CBB and DBB architecture
for low target throughput gain (x2), and any number of users, for a given availability
of the CS channel. The same applies for high target throughput gain (x20), and the

number of users K > 40, when maximum amount of spectrum is required.

o For target throughput gains of x2, and x4 with Av.s = 1, with the number of users
K < 30, there is no requirement for the additional spectrum. This is also the case for
target throughput x10, and lightly loaded cells - K = 10 (Aves = 1).

The above results highlight the interaction and the impact of different parameters - primarily
CS channel availability, target throughput gains and the number of users. It also bring out
the difference between the CBB and DBB architectures. As per the impact of CS channel
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Fig. 7.9 Spectrum requirement for the CBB and DBB architectures for the case of 2 LPNs per
macro cell. Power in the CS band, when available, is 30 dBm, and there are no "foreign"
interferers. The x-axis represents the availability of the CS band and y-axis depicts the
number of users in a macro cell. Each row represents spectrum requirement for the
indicated target throughput gain.

availability (within the same architecture), as expected, the number of instances with a
reduced spectrum requirement when Av.s = 1 compared to when Av., = 0 increases with
the LPN density. This effect occurs due to an increasing spatial spectrum reuse of the CS
spectrum. The results show that for 2 and 4 LPNs, the reduced spectrum requirement occurs
only for a dozen of cases and always when there are no "foreign" interferes in the CS band.
Also, these instances can be mainly found for low-medium target throughput gains. With 10
and 20 LPNs, the reduction in spectrum requirement occurs in significantly more instances,
even for a congested CS channel (with up to 10 and 30 "foreign" interferers, respectively),
and for all considered target throughput gains and network loads. The difference is for

majority of cases 5 MHz and only in a few instances reaches 10 MHz.

On the other hand, the difference between the architectures for the same channel avail-

ability is always 5 MHz and is more notable for a low and medium density of LPNs, and
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Fig. 7.10 Spectrum requirement for the case of 10 LPNs per macro cell. Power in the CS band,
when available, is 30 dBm, and there are 3 "foreign" interferers.

low-medium target throughput gains, with a different number of users. This difference can
also be interpreted such that the CBB architecture meets the target rate with the same
spectrum requirement as the DBB architecture, but supporting higher number of users or
a higher target throughput. Namely, in these cases, the EO spectrum resources provide
enough gain for the CBB architecture to benefit from it.

Further analysis and discussion of the impact of target throughput and a number of
users, but also other parameters and differences between the baseband architectures, is

included in the sensitivity analysis - Section 7.5.

7.4.2.2 Impact of power scaling and "foreign" interferers in the CS band

The effects of spectrum sharing in the CS band are accounted for in two ways: by including
"foreign" interferers and by scaling the power used by the LPNs. In this subsection, the

results are depicted particularly with respect to these two parameters.
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Fig. 7.11 Spectrum requirement for the case of 20 LPNs per macro cell. Power in the CS band,
when available, is 30 dBm, and there no "foreign" interferers.

Fig. 7.12 depicts 4 x 4 images by using two power levels - the lowest and highest power
considered for the CS channel i.e. 1 and 30 dBm. In the figure, the plots in columns 1 and
2 refer to the CBB architecture for the two power levels. The plots in columns 3 and 4
represent the corresponding spectrum requirements for the DBB architecture. The x-axis of
each image depicts the number of "foreign" interferers while the y-axis shows the density of
LPNs. The rows, again, represent the target throughput gain. Results in Fig. 7.12 refer
to the case of a medium network load, i.e. K = 20. It can be observed that regardless of
the baseband architecture, power level or a number of "foreign" interferers, for a particular
LPN density and target throughput gain, the maximum amount of spectrum is required -
see rows 2 — 4. The figure also illustrates the effects of increasing interference in the CS
band and increasing power levels within the same architecture. Out of 16 combinations with
different LPN density and target throughput, in half of them (Fig. 7.12), the influence of
interferers can be seen (power level 30 dBm). The impact of power (Fig. 7.12) within the

same architecture is only visible in about 8 — 9% of the cases in each architecture.
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Fig. 7.12 Spectrum requirement for medium-loaded macro cell (K = 20), when the CS band is
available. Power levels are 1 and 30 dBm.

The difference between the architectures, for the same power levels, occur in all cases
for LPN density 2 and 4, and target throughput gain (x2), as well as for the LPN density (4)
and target throughput gain (x4). The difference can also be observed in few other instances,
for example, with 10 and 20 LPNs. In all these instances, the spectrum requirement differs
by 5 MHz. In other words, in these cases, if the same amount of ES spectrum should be
employed by the CBB and DBB architectures, the CBB architecture would allow for a
greater number of "foreign" interferers, given all the other parameters. The role of the LPNs
density is evident and expected. In each row, a lower spectrum requirement can be seen for
a higher number of LPNs (colder colours at the bottom of each row). For example, in the
CBB architecture, no additional spectrum is required, even with 4 LPNs and 0 interferers,
with the power of 30 dBm (image (1,2)).

As per the target throughput, the effects can be seen comparing row by row. Natu-
rally, there is an increase in spectrum requirement with the higher target rates - warmer

colours become more dominant when moving along the rows. With target throughput x10,



134 Analysis of the Complete Sharing Framework

CBB architecture DBB architecture
Power = 1 (dBm) Power = 30 (dBm) Power =1 (dBm) Power = 30 (dBm) MHz
Target
TH gain
X2
0 3 10 20 30 0 3 10 20 30 0 3 10 20 30 0 3 10 20 30
Target
TH gain
x4
2]
Z
o 0 3 10 20 30 0 3 10 20 30 0 3 10 20 30 0 3 10 20 30
ksl
= 2
4 Target
TH gain
10 x 10
20
0 3 10 20 30 0 3 10 20 30 0 3 10 20 30 0 3 10 20 30

Target
TH gain
10 10 x 20

20 20
0 3 10 20 30 0 3 10 20 30 0 3 10 20 30 0 3 10 20 30
# of foreign interferers

Fig. 7.13 Spectrum requirement for highly-loaded macro cell (K = 50), when the CS band is
available. Power levels are 1 and 30 dBm.

for 2 and 4 LPNs, the maximum permitted amount of spectrum is required regardless of
the power, and the baseband architecture. With target throughput x20, the maximum
amount of spectrum is required even in the case of 10 LPNs. In the case of a high network
load, with K = 50, Fig. 7.13, the maximum bandwidth is required in more than 63% of all
the cases. Only for certain instances with 10 and 20 LPNs, and target throughput x2, the
additional spectrum is not required. Also, the impact of "foreign" interferers is seen in a few
combinations of target throughput and LPN density e.g rows 1 and 2 with LPN density 10
and target throughput gain x2 and x4.

The difference between the two architectures can be observed for different instances with 10
and 20 LPNs. Again, in these cases, it can be observed that the CBB architecture allows for
a greater number of "foreign" interferers for the same amount of required spectrum, given
all the other parameters. Also, Fig. 7.13 illustrates that power plays a role only in a small
number of cases (approximately 1% in CBB and 3% in DBB architecture), where higher

power levels result in a smaller spectrum requirement.
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Fig. 7.14 Figure depicts bandwidth requirement when CS band is available, with power levels of 1
and 21 dBm, with 0 "foreign" interferers.

Finally, the spectrum requirement from the perspective of LPN density and number of
users is depicted, given the availability of the CS channel and for zero "foreign" interferers.
Two power levels are illustrated - 1 and 21 dBm, see Fig. 7.14. The images in columns
represent the CBB, that is the DBB architecture for two power levels. The x-axis in each
image depicts the number of macro cell users while the y-axis shows the target throughput
gain. The rows in Fig. 7.14 represent different cell density. The heterogeneity of spectrum
requirement suggests the significance of the parameters - the target throughput and the
network load, for a given LPN density. Note how this effect moves from the left-hand corner
of each image in the first row to the right-hand corner at the bottom row, following the
increase in the number of LPNs. The impact of power (within the same architecture) is
more significant in a network with a medium density of LPNs (the second row in the figure).
Here, for low or medium throughput gain values, a higher power almost always corresponds

to a reduced spectrum requirement.
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7.5 Sensitivity Analysis

In the previous section, only a small subset of the overall results is presented. Namely,
with all the parameters used in this analysis: the density of LPNs, the number of users
in a macro cell, target throughput gains, the availability of CS spectrum, the number of
"foreign" interferers and power scaling, in total 2880 possible combinations were considered
(4x5x4x4x5xT7+4x5x4). The contribution of each of these parameters to the spectrum
requirement is determined using sensitivity analysis. Before presenting the findings resulting
from the sensitivity analysis, it should be noted that out of all the combinations, in 17 % of
them, the CBB architecture performs better than the DBB architecture. That difference, as
mentioned earlier, is always 5 MHz. Also, it is much more pronounced for 2 and 4 LPNs,
corresponding with low to medium target throughput gain (x2) and (x4). Namely, the main
factor affecting the difference in the user rate between the architectures is the capability of
the CBB architecture to avail of the EO spectrum. However, the contribution of the EO
spectrum to the user rate is reduced due to the signalling overhead and also depends on the
network load in the macro cell. Hence, it is greater for low and medium density of LPNs,
resulting in a difference in the spectrum requirement that does not exceed 5 MHz (due to

the adopted nominal channel width).

Returning now to the sensitivity analysis, of particular interest is the contribution of
different parameters, for a given density of LPNs. There are many ways in which the
sensitivity analysis can be performed. One of the reviews of sensitivity analysis techniques
is given in [166]. There, amongst other techniques, a simple sensitivity analysis that allows
to determine sensitivity index (SI) and ranking based on the percentage difference in the
output is outlined. To asses the SI, a single parameter is varied from its minimum to the

maximum value, for the whole range of values, according to formula in 2.4. in [166]:

Dma:c Dmin

Shi=
Dmax

(7.11)

where D,,;, and D, are the function outputs for the minimum, that is the maximum
considered value, whereas all other parameters are fixed. In this analysis, Dy, and Dyas

can be written as:
e w(pmin) (712)

and
Doz = w(pmaz) (713)

where w(ppmin) and w(pmaez) are computed spectrum requirements that correspond to a

minimum p,,;n, that is a maximum p,,4, value of the parameter in question.

Based on the above, the following sensitivity indices are computed: number of users
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(SIk), target throughput (SIr), number of "foreign" interferers (SIj), and power in CS
band (S1I,). Each SI, therefore, signifies the contribution of a change of the parameter to
the change in spectrum requirement. Two cases of CS channel availability are considered
separately. When CS band is not available, only the impact of the target throughput gain
and the number of users (for a given number of LPNs) can be analysed, as other parameters
are not applicable. In the case of availability of CS band, all parameters are considered.
In essence, the greater the absolute value of the index is, the greater is the contribution
of the corresponding parameter. Negative sign indicates that as the parameter increases,
the function value decreases. It should be noted that —oo appears when the spectrum

requirement is 0 (Eq. 7.11), for the maximum considered value of the input parameter.

It should be noted that in the analysis, the SIs are computed for the whole range of
values for each parameter. The interest here, however, is in understanding the impact when
a parameter changes from its minimum to the maximum considered value. For that reason
and brevity, the detailed analysis is presented when p;,., takes the highest value from the
values presented in Section 7.3, p. 121. The key observations when p,,., takes other values

from within the considered intervals are outlined in Section 7.6, p. 143.

7.5.1 CS band not available

The value of the sensitivity index for K, STk, for both architectures and all densities of
LPNs, is presented in Table 7.5. Maximum and minimum values are highlighted. As can
be seen, changing the number of users for cases when the target throughput gain is either
(x10) or (x20), with 2 LPNs, does not result in a change in the spectrum requirement in
either architecture - i.e. SIx = 0 (see also Fig. 7.9). Here, the maximum bandwidth is
required due to a high target throughput, regardless of the number of users. Similarly, with
target throughput gain (x2) and 20 LPNs in both architectures (see Fig. 7.11 - row 1), the
same amount of spectrum is required, regardless of the number of users or the baseband
architecture i.e. SIx = 0. On the other hand, in 25% of all cases that show sensitivity
to the change in the number of users, the CBB architecture has a higher value of index.
Namely, for lightly-loaded cells (K = 10), the EO spectrum contributes more significantly
to the overall throughput and reduces the spectrum requirement. Hence, the difference in
spectrum requirement between K = 10 and K = 50 is greater in the CBB architecture than
in the DBB architecture in these cases. For 20 LPNs and target throughput gain (x10) both
architectures see the same, highest value of index. The sensitivity of spectrum requirement
to the change in target throughput can be seen in Table 7.6. It is clear that for higher
density of LPNs, i.e. the cases with 10 and 20 LPNs, the spectrum requirement changes
with the change in target throughput gains, for almost all the cases of network load (i.e. the
number of users). Namely, with 20 LPNs and target throughput (x2), the minimum amount

of spectrum is required in both architectures, regardless of the number of users. With target
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Table 7.5 SIx when the CS band is not available. The value is computed, based on the spectrum
requirement for K = 10 and K = 50.

2 LPNs 4 LPNs 10 LPNs 20 LPNs
CBBYDBB* - GCBB " DHBEBF BB BB CBBI BB

Target TH gain (x2) 0.75 0.5 0.67 0.67 0 0.5 0 0
Target TH gain (x4) 0.5 025 075 05 067 067 0.5 0.5
Target TH gain (x10) 0 0 025 025 @8 05 @i DS
Target TH gain (x20) 0 0 0 0 0.25 0.25 0.5 0.5

throughput (x20), the required bandwidth reaches maximum value when K > 30 - see Fig.

7.11, p. 132. The change in the target throughput does not affect the spectrum requirement

for the case of 2 LPNs and K > 40 in both architectures, as maximum bandwidth is needed
in these cases, as illustrated by Fig. 7.9, p. 130. For the cases of 2 LPNs, when K < 30, the
sensitivity in the CBB architecture is higher than in the DBB architecture due to a greater

value of the numerator in (Eq.7.11), which is a result of a reduced spectrum requirement for

the minimum (baseline) value of the target throughput.

Table 7.6 SI;p when the CS band is not available. The value is computed, based on spectrum
requirement for target TH gain x2 and x20.

2 LPNs 4 LPNs 10 LPNs 20 LPNs
CBB DBB CBB DBB CBB DBB CBB DBB
K=10 @ 05 @88 088 067 0.67 0.5 0.5
K=20 05 025 @@ 05 @ @88 067 0.67
K =30 025 0 0.5 05 075 075 0.75 0.75
K =40 0 0 05 025 [ WS UE
K =50 0 0 025 025 @8 05 06 06
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7.5.2 CS band available

Sensitivity indices for the case of CS band availability are given in the Appendix 1, where
they are laid out per a number of LPNs. The trends in this subsection for each of the indices
are described per a number of LPNs. The reader should note that the calculation of the
S1; index refers to the case when the baseline value for the number of "foreign" interferers
is 3. Furthermore, the value of SI; is 0 for 2 and 4 LPNs, which can be observed in Fig.
712, pr 1133 andiBig 28 Sp a4

7.5.2.1 2 LPNs

SIg. SIk € [0,1]. The maximum value is reached in the CBB architecture, for target
throughput (x2), only in the case when there are no "foreign" interferers, and power levels
are 21 — 30 dBm. In these cases, the spectrum requirement goes from 0 to 20 MHz, as
illustrated by Fig. 7.9, p. 130 for 30 dBm. Also, the sensitivity index changes with different
power levels in both architectures only when there are no "foreign" interferers. As discussed
earlier (also see Fig. 7.9), with 2 LPNs and high target throughput gains (x10 and x20),
maximum amount of spectrum is required, regardless of the number of users, the number of
interferers, or the architecture. For that reason, half of all the cases have zero sensitivity in

both architectures.

SIr. SIr€[0,1]. In the CBB architecture, the target levels have the highest contribution
in the case of lightly loaded cell (K = 10), and when there are no "foreign" interferers, see
Fig. 7.9, p.130, with power levels between 21 — 30 dBm. In the DBB architecture, the
sensitivity index is slightly reduced as the DBB architecture does not benefit from the EO
spectrum and hence requires more spectrum to meet the baseline target throughput gain
(x2). In both architectures, the sensitivity index changes with power only for the case when

there are no "foreign" interferers and K < 30.

SI,. SI, € (—oc,0]. Changes in power affect spectrum requirement only in few cases when
K =10 and K = 20 and there no "foreign" interferes, with target throughput gain of x2.
The value of index is negative, which is a result of a decrease in the required spectrum
when power changes from the baseline to the maximum value. In the CBB, the index value
— —oo for K = 10, resulting from a decrease of spectrum requirement to 0 MHz. In the

DBB architecture, the value of the index goes down to —1.

7.5.2.2 4 LPNs

Slg. Sk € [0,1], but now the sensitivity of the index when target throughput gain is
(x10) can also be seen. This effect occurs due to a higher density of LPNs, which provides

more spectral resources and better normalised throughput. In the CBB architecture, the



140 Analysis of the Complete Sharing Framework

strongest influence of parameter K is for target throughputs (x2) and (x4), with no
"foreign" interferers and powers 11 — 30 dBm in the CBB architecture. The DBB also sees
the maximum value of the index, but only for target throughput gain (x2). Again, the
sensitivity index changes with power only in the case when there are no "foreign" interferers.
However, the number of cases that show sensitivity to the changes of parameter K has
doubled compared to the case with 2 LPNs. Now, only the cases with high target throughput
gains (x20) in both architectures result in SIx = 0, as there is no change in the spectrum

requirement.

SIp. SIr € [0.25,1]. This means that in all cases, the change in target throughput from
the baseline to the maximum value results in a change in the spectrum requirement. Fig.
7.14, p. 135, row 2, illustrates these effects for two power levels and 0 interferers. The index
reaches its maximum for power levels 11 — 30 dBm and K = 10, when there are no "foreign"
interferers. This is the case for both architectures. In the CBB architecture, this is also the
case for K = 20. With "foreign" interferers, there is no difference in the values of SIr for

different power levels.

SI,. SI, € (—o0,0]. Non-zero values of the sensitivity index can be found for low-medium
target throughput gains, corresponding to different number of users, in the instances when
there are no "foreign" interferes. In the CBB architecture, index — —oo in a few cases for
target throughput gain x2 and target throughput x4 and K = 20. In the DBB architecture,
index — —oo only for target throughput gain x2 and K = 10.

7.5.2.3 10 LPNs

SIk. SIk €[0,1]. However, only in the CBB architecture, there are cases that show no
sensitivity (STx = 0). These cases occur for different power levels, and number of interferers,
but always for target throughput gain x2. The effect can be seen in Fig. 7.14, p. 135, row
3 for the case with 0 interferers and power levels 1 and 21 dBm. The highest value of the

index also occurs when there are "foreign" interferers - 3 or 10 in both architectures.

SIr. SIr €[0.5,1]. Evidently, the minimum value of this index increases with the increase
in the LPN density. For the case with no "foreign" interferers, for almost all power levels
and number of users, the value of this index is 1 in the CBB architecture. It is a result of
spectrum requirement increase from the minimum (baseline) value of 0 MHz - see Fig. 7.14, p.
135, row 3. With the increase in number of interferers, the impact of the target throughput
is reducing in both architectures as the spectrum requirement for target throughput x2
increases. SIr is lowest for K = 50 and cases with 20 and 30 foreign interferers in the DBB

architecture.
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SI;. SI;e0,1]. A general trend in the CBB architecture is that for a low target rates
and a low number of users, the change in the number of interferers from 3 to 30 has the
highest possible impact. With the increase in number of users and target rates, the impact
lessens, see Fig. 7.13, p. 134. For example, SI; = 0 for target throughput x2 and K = 50
in the CBB architecture. Also, in the CBB architecture, the sensitivity to the changes in
the number of interferers does not depend on the power levels. In the DBB architecture,
42% of all cases show no sensitivity to the change in number of interferers, as opposed to
40% in the CBB architecture.

SI, SI, € (—o0,0]. The non-zero values appear in 15% and 13.75% of the cases for the
CBB and DBB architectures, respectively. They are observed in cases with 0 and 10 foreign
interferers in both architectures, and appear for different target throughput gains and

number of users.

7.5.2.4 20 LPNs

SIk. SIk €]0,1]. The spectrum requirement does not show sensitivity to the change in
number of users for target throughput x2, and number of "foreign" interferers ranging from
0 to 20 in the CBB and 0 to 10 in the DBB architecture. Namely, with such a high number
of LPNs that provide spectral resources, the impact of the number of users is eliminated
for low target throughput rates and the above-mentioned number of interferers. Fig. 7.14,
p. 135, row 4 illustrates this effect for the case with 0 interferers and two power levels.
The number of cases with maximum sensitivity is also increased to 50% of all cases in each
architecture as their spectrum requirement is reduced to 0 MHz when there are 10 users in

a macro cell.

SIr. SIp € [0.75,1]. In the CBB architecture, 96% of all cases have a maximum value of
the index. The exceptions are the cases with 30 "foreign" interferers and K = 50. In the
DBB architecture, over 87% of cases take the maximum value of the index, for 0, 3 and 10
"foreign" interferers. The reduced value of 0.75 can, hence, be seen for higher number of

users and "foreign" interferers in both architectures.

SI; SI; € [0,1]. The number of cases where SI; = 0 increases compared to the case with
10 LPNs, while the number of cases with the maximum value (SI; = 1) decreases. There is
no dependence on the power levels in either architecture, while the sensitivity index changes

with the number of users and target rates.

SI, SI, € (—o0,0]. The non-zero values can only be found in 3 cases in each architecture.
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7.5.3 Synopsis of the sensitivity analysis

This subsection gives a synopsis of the sensitivity analysis for each of the sensitivity indices.

o SIk for all cases of LPN density lies in the interval [0, 1]. For 2 LPNs, the results show
no sensitivity to a change in the number of users for high target throughput gains of
x 10, and %20 in both architectures, regardless of CS channel availability. There, for
half of all the cases, the sensitivity index is zero for both architectures, as maximum
spectrum is required regardless of the change in the number of users. As the LPN
density increases, so does the sensitivity to this parameter in both architectures. With
20 LPNs, half of all the cases have a maximum sensitivity in both architectures when
CS channel is available (Av.s = 1). When CS channel is not available (Av.s = 0),
the maximum sensitivity (SIx = 1) is not reached for any density of LPNs, as there
is no benefit to the user rate from the CS spectrum and the difference in spectrum

requirement for K = 10 and K = 50 is smaller compared to when Av. = 1.

o Sl lies in [a, 1], and « increases with the number of LPNs from 0 to 0.75. In other
words, the minimum impact of the target throughput increases with the number of
LPNs. Interesting is the case with 20 LPNs, when the highest value of this index can
be observed for 96% of all cases in the CBB architecture (when Av.s = 1), regardless
of power, the number of users and the number of "foreign" interferers. In the DBB
architecture, this is valid for over 87% of cases when Av.; = 1. Hence, for 20 LPNs, the
change in the target throughput from the baseline (x2) to the maximum considered
value (x20) has a maximum impact on the change in spectrum requirement in most
cases, regardless of the power levels, interferers and number of users. Again, when CS
channel is not available, the index does not reach the maximum value (= 1) due to
the increased spectrum requirement for the baseline value of the target throughput

gain (x2).

e SI; In computing SI7, 3 was the baseline for the number of foreign interferers. The
change in their number has no impact on the change in spectrum requirement for
the case of 2 and 4 LPNs. Namely, in these cases the user rate provided by the CS
spectrum does not affect the spectrum-decision process, as the percentage of users
that can access the band is below 70%, which is the adopted threshold value for access
probability. For the cases of 10 and 20 LPNs, SI; lies in the interval [0,1]. The
sensitivity to the change in the number of interferers shows a dependence on the power
levels (given the number of users, and target throughput) only in a few cases of the
DBB architecture for 10 LPNs. Both architectures see the maximum sensitivity of the
index (SI; = 1). For 10 LPNs, more cases show sensitivity in the CBB architecture,
while the situation is reversed with 20 LPNs.
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o The sensitivity index for power has the maximum absolute value of all indices - —o0,
as in these cases, with the increase in power, the spectrum requirement reduces to 0.
The greatest number of cases showing sensitivity to the change in power levels can
be observed for 4 and 10 LPNs in both architectures. For 2 and 4 LPNs, the CBB
architecture has more cases with the maximum absolute value of the index due to the
benefit of the EO spectrum, which reduces spectrum requirement to 0 MHz. In case of
high LPN density (10 and 20 LPNs), non-zero sensitivity indices in two architectures
are seen in a few cases, for different target throughput gains. With 20 LPNs, however,

practically power change does not result in a change in spectrum requirement.

7.6 Key findings - Discussion & Summary

This chapter presented a comprehensive analysis of the proposed framework for both
baseband architectures, relying on Carrier Aggregation and Dual Connectivity. The analysis
was performed for the case when both shared carriers come from the same band - 3.5 GHz.
As QoS metric, the average throughput of a typical user that can access shared spectrum is
analysed. The objective is to determine the minimum spectrum requirement from the ES
spectrum to meet the target rate for such a user. In this way, the cost to the cellular operator
is minimised, while meeting the QoS requirements. System parameters and their values,
different baseband architectures and the introduction of design parameters in the spectrum
decision process, such as access probability threshold directly influence the obtained results.

Below are the insights into the key findings of the analysis:

Access probability and access probability threshold As discussed in subsection 7.2.4,
p. 112, coverage, that is the access probability, is one of the aspects taken into account in
the spectrum decision process, as it determines the likelihood of a typical user being able to
avail of the spectral resources. It can also be considered as an average percentage of users
within the coverage of LPNs. The results show that even with 2 LPNs, a high portion of
users avail of the ES band, as the deployment is considered for a small, urban macro cell.
Clearly, the access probability in the CS band depends on the power and number of foreign
interferers. Power levels play a significant role in the access probability when the number of
LPNs is below 10. Namely, with 10 or more LPNs, the network enters interference-limited
regime, and as the nodes operate using the same power level, signal-to-interference ratio
only depends on the distances between the serving node and interferers. As per the "foreign"
interferers, as expected, their number has a detrimental effect on the access probability -
evident even with a small number, particularly for 2 and 4 LPNs. By deploying a denser
network, the operator can significantly lessen the fall in the access probability due to a

presence of "foreign" interferers. For example, for the case of 30 "foreign" interferers, by
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increasing the number of LPNs from 10 to 20 increases the percentage of users that can
access the band from 48% to 73% (power levels of 30 dBm).

Mean normalised throughput The mean normalised throughput in the ES band in-
creases with the number of LPNs up to 4 LPNs when it reaches a plateau. Further increase
in the density - from 10 to 20 LPNs reduces the mean spectral efficiency due to the inter-cell
interference. The situation in the CS spectrum is more nuanced, as it depends on the
power levels and the number of "foreign" interferers, in addition to the density of LPNs.
The results show that there is no dependency on power in the CS band for 10 "foreign"
interferers or more, due to the interference-limited regime. Furthermore, as is the situation
in the ES spectrum, increasing the LPN density from 10 to 20 LPNs, results in a reduced
spectral efficiency. This is valid for the cases of 0 and 3 foreign interferers due to inter-cell
interference among operator’s nodes. However, where the number of "foreign" interferers
exceeds 3, mean spectral efficiency diverges from this trend. Then, an increase in the mean
spectral efficiency is seen, resulting from network densification, which lessens the impact of
"foreign" interferers that now dominate the interference. Hence, network densification helps
not only in improving the coverage but also in increasing the mean spectral efficiency when

CS band is highly congested.

Maximum amount of spectrum and channel width of 5 MHz The use of a cap on
the maximum amount of bandwidth from the ES spectrum greatly affects the results and
findings presented in this Chapter. As discussed earlier (p.115), the limit on the amount of
the ES spectrum has been introduced to reflect the real LTE-Advanced system, with the
focus on a single CC. Such a system setting also impacts QoS in cases with high target
throughput rates and low density of LPNs, as with the imposed limit on the amount of
bandwidth, the target rates cannot be met. Regardless of the actual limit that may be
applied, considering bandwidth greater than 20 MHz requires aggregation of channels with

an increased impact of system overhead on spectrum requirement.

Clearly the results are also affected by the adopted channel width. By using, for ex-
ample, a smaller bandwidth - e.g. 3 or 1.4 MHz provides a better granularity of spectrum
requirement and hence a more efficient use of spectrum resources. However, LTE does not

provide channels that are multiples of e.g. 1.4 MHz.

Impact of CS channel availability Evidently, within each baseband architecture, the
availability of CS reduces spectrum requirement and increases with the LPN density. This
effect occurs due to an increasing spatial spectrum reuse of the CS spectrum. The results
show that for 2 and 4 LPNs, the reduced spectrum requirement occurs when there are no

"foreign" interferes in the CS band and for low-medium target throughput gains. With 10
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and 20 LPNs, the reduction in spectrum requirement occurs in significantly more instances,
even for a congested CS channel (with up to 10 and 30 "foreign" interferers, respectively),
and for all considered target throughput gains and network loads. The difference is in a

majority of instances 5 MHz and only in a few cases reaches 10 MHz.

Difference between the CBB and DBB architectures For the adopted system
parameters, the results show that the CBB architecture performs better than the DBB
architecture in 17% of all instances. The difference in spectrum requirement between the
two architectures is always 5 MHz, and can be seen for all LPN densities. However, it is
more pronounced for 2 and 4 LPNs, corresponding to low to medium target throughput
gain (x2) and (x4). With a high density of LPNs, the difference between the architectures
can be observed for all target throughput gains. The difference in spectrum requirement is a
direct consequence of the fact that CBB architecture can exploit EO spectrum resources, in
addition to the shared spectrum, contributing to the user rate. As outlined earlier however,
the contribution of the EO spectrum to the user rate is reduced due to the signalling
overhead and also depends on the network load in the macro cell. In case the maximum
bandwidth from the ES spectrum is higher than the considered value of 20 MHz, it can be
anticipated that a significantly larger percentage of instances would differ in the spectrum
requirement between the two architectures. Namely, the spectrum requirement would have
a greater range of values and there would also be overhead implications due to aggregation
of channels. In case smaller channel widths are used, it could also be expected that the
number of instances with different spectrum requirements between the architectures would

increase due to a finer granularity of the computed bandwidth.

Sensitivity analysis An important tool for determining the importance of different
parameters and their values on the spectrum decision process is a sensitivity analysis. The

results of the sensitivity analysis conducted in this chapter highlight few interesting trends:

o For a low density of LPNs and high target throughput gains, the change in the number
of users does not affect the result, as maximum bandwidth is needed even for a lightly
loaded macro cell. The sensitivity to a change in the number of users grows with the
density of LPNs, and with 20 LPNs half of all the cases in both architectures have the
maximum value of the index as there is no requirement to resort to the ES spectrum

for a lightly loaded macro cell.

o Similarly, the sensitivity to the changes in target throughput increases with the rise in
the LPN density. With 10 and 20LPNs, the change in target throughput gain always
impacts the spectrum requirement, regardless of the number of users, the availability
of the CS channel, its power and number of interferers. With 20 LPNs, when CS

channel is available, most instances in both architectures see the maximum value of
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the index as the spectrum requirement for the minimum target throughput is reduced
to 0 MHz.

Clearly, for an operator the best use of the CS band takes place when there are no
"foreign" interferers. The results illustrate that there is no impact of having more than
three (3) "foreign" interferers on the spectrum requirement for 2 and 4 LPNs. In these
cases, the access probability goes below the adopted value of the access probability
threshold of 0.7, even for 3 interferers and hence CS spectrum does not play a role
in the decision-making process. Hence, for the low and medium density of LPNs
with "foreign" interferers, the resources provided by the CS spectrum do not reduce
the spectrum requirement in either architecture. For high LPN density, "foreign"
interferers sensitivity index changes, in the main, with the number of users and the

target throughput, but not with the power.

The maximum absolute value of any of the index is found with power, as the increase
in power results in a drop in spectrum requirement to 0 MHz. Sensitivity is seen for
different target throughputs, the number of users and interferers, but mainly up to 10
LPNs. For 20 LPNs the change in power, practically, does not affect the change in

spectrum requirement.

Overall, there is a greater sensitivity to the CBB architecture as it requires less spectral
resources for the baseline value of each of the parameter, benefiting from the EO band.
The exceptions are the cases where for the CBB architecture the sensitivity indices
are 0 due to the constant spectrum requirement when changing the parameter from

the baseline to its maximum value.

Finally, as mentioned earlier (p. 137), sensitivity indices are also computed for other
ranges of parameters. A brief analysis shows that, in these cases, the sensitivity of
spectrum requirement to the changes in target throughput and the number of users is
reduced in value, but also in the number of instances. For example, the number of
cases showing sensitivity when the maximum considered target throughput is x4 for
10 and 20 LPNs is significantly reduced. In terms of power, there is no sensitivity to
the changes in power from 1 to 16 dBm for 2 LPNs and from 1 to 6 dBm for 4 LPNs.
As per a change in the number of "foreign" interferers, with 10 LPNs, sensitivity is
the same regardless whether the maximum number of interferers is 20 or 30. With 20
LPNs, the CBB architecture does not show sensitivity for the case when the maximum

number of interferers is 10.



Chapter 8

Conclusion

8.1 What this thesis addresses

The objective of the framework was to provide a broad basis for spectrum sharing in different
frequency bands and embrace different sharing models. The sharing models represent
two distinct and wide-ranging classes of spectrum - one based on the fee-paying, exclusive
transmission, and the other based on a free, open access regime. Furthermore, the framework
was set within a heterogeneous network, which is of great importance in enabling spatial
densification using low power nodes. The framework dealt with the two opposing baseband
architectures — namely, the centralised one comprising RRHs and the distributed one using
small cells. The central proposition of the framework was to extend two inherent features of
LTE-Advanced - Carrier Aggregation and Dual Connectivity and systematically incorporate
spectrum sharing of the two spectrum classes. To achieve this, the spectrum selection
mechanism was put forward, addressing two typically competing objectives - providing QoS

and minimising spectrum costs.

In summary, the thesis addressed:

o the need for wider bandwidths and use of spectrum resources from highly fragmented

spectrum bands using Carrier Aggregation and Dual Connectivity

o the heterogeneity of shared spectrum resources from different frequency bands, with

different sharing rules

e the network topologies featuring a tier of high-power equally spaced nodes, overlaid by

randomly placed LPNs with both, centralised and the distributed baseband processing

e the balancing of QoS and cost for the cellular operator through spectrum selection

mechanism, which minimises cost, while at the same time provides the required QoS
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o the identification and the analysis of the main factors that affect spectrum selection

decisions in both architectures, given different densities of low power nodes

o the formalising of the effect of each of the inputs into the spectrum selection process

using sensitivity analysis.

In this, the literature review provided the context and aided the identification of the topics
and the issues of relevance. Namely, the ISM bands, WiFi, Cognitive Radio and Dynamic
Spectrum Access, together with the main spectrum sharing initiatives i.e. TV White Spaces,
LSA and CBS, discussed in Chapter 1. Some of them were used as input in Chapters 4, 6
and 7. Carrier Aggregation and Dual Connectivity, discussed in Chapter 2, were used as
input in Chapters 6 and 7. The topology and architecture aspects, also discussed in Chapter

2, were used as input in Chapters 6 and 7.

To evaluate the proposed solutions, the extended simulator HetNet+ was used in modelling
the framework in Chapter 6. Additionally, few stand-alone Matlab-based modules were

developed to model the scenarios addressed in Chapter 7.

8.1.1 The main findings

Some general findings that should be emphasised include:

o The systematic incorporation of spectrum sharing into LTE-Advanced seems promising.
Companies, standards bodies and the research community are beginning to embrace
this approach in different guises, which bodes well for the future deployment of the

propositions made in the thesis.

e Of particular importance for the framework are the models for the ES and CS spectrum
classes. The rules of each sharing band determine these, including the techniques for
accessing the shared spectrum, the operating parameters and importantly, in the case
of CS spectrum class, how the inter-system interference is modelled. In the main, the
thesis considers a database-governed access to spectrum, according to a few major
spectrum sharing initiatives, such as TV WS, LSA and CBS. They are also used as
a basis to derive the main operating parameters for the simulations. Inter-system

interference in the CS band is treated as additive noise.

e Clearly, the results show there is a significant benefit from spectrum sharing using
LPNs, particularly in the network with medium & high density of LPNs due to the

spatial spectrum reuse, and when CS band is available.

e Many parameters and their mutual interaction affect the proposed sharing framework.
Nevertheless, the thesis identifies few critical parameters. For a given density of

LPNs, these are the target throughput, number of users, and the availability and the
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congestion in the CS band. These factors greatly impact the cost for the operator, as

they are central to determining the spectrum requirement from the ES band.

e Network densification has multiple benefits in the proposed framework. In both bands,
it significantly improves the end-user throughput due to the spatial spectrum reuse.
Besides, in the CS band, when band is highly congested, it lessens the impact of
"foreign" interferers by enabling a higher percentage of users to avail of the band, and

by increasing the mean spectral efficiency.

e The nominal channel width and the maximum amount of bandwidth from the ES
band also have a significant impact on the spectrum requirement and QoS. Namely,
using a smaller nominal channel than 5 MHz would achieve a better granularity of
spectrum requirement, and thus a more efficient use of spectrum resources. However,
the nominal channel is determined not only by the channel width of the ES band but
also by what the cellular systems (LTE-Advanced and future 5G systems) support. As
per the maximum amount of spectrum that the ES spectrum can provide, the results
have shown that the cap affects QoS, particularly in cases with a low density of LPNs
and high target throughput rates, as the target rates cannot be met even with the

maximum amount of spectrum.

e The results show that it matters whether sharing is implemented using CBB or DBB
architecture. In other words, with LPNs, sharing cannot be abstracted from the
underlying fronthaul/backhaul infrastructure. For example, in the 3.5 GHz band case
study in Chapter 7, in 17% percent of all cases, the baseband architecture played a
differentiating role. Namely, as the CBB architecture exploits EO spectrum resources,
in addition to the shared spectrum, it benefits more from the use of the free CS band.

These effects are most pronounced for the medium density of LPNs.

e Due to a multitude of parameters that need to be taken into account in the spectrum
decision process, sensitivity analysis is an important tool, determining the relevance

of a particular parameter in a considered scenario.

o The sensitivity analysis results show that that for the low & medium number of LPNs,
the spectrum requirement, that is the cost to the operator, is not sensitive to the
change in the network load, when target throughput is high, as maximum bandwidth
is needed even for a lightly loaded macro cell. Also, in these cases, the CS band does
not affect the spectrum requirement, as the access probability goes below the adopted
threshold value.

o The sensitivity to the changes in target throughput affect the spectrum requirement
in all instances with the high density of LPNs, regardless of the number of users, the

availability of the CS band, its power and number of interferers.
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o Overall, there is a greater sensitivity to the results in the case of the CBB architecture
as it requires less spectral resources for the baseline value of each of the parameter

since it can use spectral resources from the EO band.

There are also specific findings, relating to the details of the different studies in the

thesis. They are listed below under separate headings.

Shared spectrum characterisation. Identifying the appropriate attributes of the shared
spectrum and describing them is at the centre of the proposed framework as they directly
impact the spectrum decisions. Two aspects deserve to be singled out - the availability
and the inter-system interference modelling in the CS band. Regarding the availability,
Chapter 4 considered the probability of availability based on a statistical characterisation.
Taking into consideration that most of the current sharing initiatives stipulate the use of
a geo-location database, where the database signals the availability of spectrum, in other
chapters, the availability was analysed in binary terms. In Chapter 6, only the case when the
CS channel is available was considered. In Chapter 7, both instances of channel availability
were evaluated. Besides, in Chapter 7, the access probability threshold was defined as
an input into the selection process, reflecting the conditions and the number of "foreign"
interferers operating in the band. The availability of the CS channel and access probability
could, therefore, be considered as the joint probability of availability, used as the operator’s
design parameter, controlling when spectrum from the CS band should be employed as an
input into the spectrum decision. Another aspect of particular interest for the CS band
is the inter-system interference modelling. The rules for spectrum access decide how the
interference is modelled. This thesis treated interference as additive noise and did not
consider other interference models, such as LBT. Using, for example, LBT or an LBT-based
mechanism would require a different approach to the rate computation, which could have a

potentially significant impact on the results.

Selection Criteria. In Chapter 4, the selection criteria unified two aspects - the proba-
bility of availability in the CS band and the qualitative measure of the quality of the two
bands. Incorporating the probability of availability into selection criteria is important in
spectrum bands where a central entity does not dictate the access to a band. Moreover, in
bands where spectrum availability is signalled by the database, and the CS band is available,
it is important to ensure that the spectrum decision is made based on a sufficiently large
number of users that can avail of the band. Hence, as mentioned above, the CS spectrum
availability and access probability may be viewed as the joint probability of availability
and operator’s design parameter for the selection criteria. In Chapters 6 and 7, QoS was
evaluated through evaluation of user throughput. User throughput was a clear choice for the
analysis, as it reflects the quality of spectrum and the network load, i.e. sharing the radio

resources among a number of users. It was also shown that the range of target throughputs

T e e
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had to be carefully selected, as target throughput was found to be one the main factors
affecting spectrum requirement. Using target throughput relative to the throughput of a
lightly loaded macro cell is an effective way of defining the selection criteria. Furthermore,
considering that the spectrum decision is made on a significantly longer time-scale than the
allocation of radio resources within a scheduling interval, the selection mechanism should
avail of the simple allocation algorithms, such as round-robin. Finally, the cost model used

throughout the thesis in the selection criteria was based on a linear function of bandwidth.

System level analysis. The thesis offered an extensive system level performance analysis
as well as the analysis of the trade-off between the spectrum requirement (cost) and QoS.
In Chapter 6, the analysis of the CBB architecture, with low to medium density of RRHs
included shared carriers with very different propagation characteristics - at 620 MHz and
2.3 GHz. The CS band was modelled through power scaling, that is the chapter considered
sharing in the power domain. The results highlighted the importance of the interaction
between the density of RRHs and the power domain. The results demonstrated that for the
medium density of RRHs, very similar performance could be obtained with the power levels
reduced by a 10 dB from the maximum permitted power. A significant effect of the network
load and target throughput on spectrum requirement was also illustrated. If the operator had
the flexibility of lowering the target rate, the cost could be significantly reduced, particularly
in cases of the medium and high load. Chapter 7 provided the system level analysis in the
3.5 GHz band for the entire framework. In addition to the parameters analysed in Chapter
6, Chapter 7 addressed the additional aspect - the inter-system interference in the CS band,
modelled using spatially distributed "foreign" interferes (LPNs). This gave an interesting
insight into the performance of the CS band in urban and dense urban areas. The results
showed that the addition of "foreign interferers" had a significant detrimental effect on the
number of users that could access the CS band evident even with a small number of "foreign"
LPNs, particularly for the low and medium density of LPNs. However, by increasing the
density of its network, the cellular operator could negate the effect of the interferers. The
results also demonstrated that the mean spectral efficiency showed no dependency on the
power levels with 10 "foreign" interferers or more. With the high density of LPNs (10 and
20) and a greater number of "foreign" interferers, network densification increases mean
spectral efficiency, which is the opposite trend of what is seen in the ES band. Finally, as
mentioned earlier, the results illustrated the importance of the baseband architecture in 17%
of all cases, where the CBB architecture requires less of the ES spectrum. The difference
in spectrum requirement is always 5 MHz. A significantly larger percentage of instances
between the two architectures could be expected to differ in spectrum requirement if the
maximum bandwidth from the ES spectrum is higher than the considered value of 20 MHz,

or if smaller channels are used.
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Sensitivity analysis Chapter 7 also presented the results of the sensitivity analysis,
introduced to formalise the effect of each of the parameters on the spectrum requirement.

Sensitivity analysis considered the change in spectrum requirement when an input parameter

changed from its minimum to its maximum value while all other parameters were constant.

The results showed that sensitivity to the change in the number of users and the target
throughput increased with the rise in the number of LPNs. With high LPN density, the
change in target throughput always impacts the results, regardless of the number of users,
the availability of the CS channel, its power and number of interferers. The change in power
levels, on the other hand, affects mainly low and medium density of LPNs, while the change
in the number of foreign interferers from minimum to maximum value affects results only in
deployments with 10 and 20 LPNs.

Key control plane & signalling aspect Chapter 7 also identified and included in the
analysis some major aspects from a control plane and signalling perspective, relying on
the existing mechanisms within LTE/LTE-Advanced systems. For example, the framework
proposes utilising cell reference signals on all carriers for the purpose of channel estimation
and coherent demodulation. In the CBB architecture, the cross-carrier scheduling was
availed of, as the EO spectrum carried scheduling and other control information for the
shared carriers. This, however, had an impact on the system overhead on the EO spectrum.

In the DBB architecture, each carrier carried its signalling information.

Before concluding the thesis with the plans for future work, it is worthwhile to consider
what has been done in the last 18 months regarding the standardisation and research to

deploy LTE in the unlicensed (5 GHz) spectrum.

8.2 Developments with LTE in unlicensed 5 GHz spectrum

In November 2013, Qualcomm unveiled the initiative to enable operation of LTE in unli-
censed spectrum in 5 GHz band [167]. Since then, few different flavours of the proposal have
been developed and included as part of 3GPP standardisation - notably, LTE-Unlicensed
(LTE-U) and License-Assisted Access (LAA), which both rely on the operation in the
licenced spectrum. LTE-U and LAA use Carrier Aggregation in TDD mode or together
with supplemental downlink. LTE-U targets deployments in the markets where LBT is
not a requirement for the 5 GHz band, such as the US, Korea and China [168]. Although
current LTE mechanisms and features up to Release 12 can be used to operate in the 5
GHz WiFi band, a number of works have shown that as-is LTE operation on the same
channel significantly impairs the WiFi performance. In [169], the impact of coexistence
between LTE and WiFi at 900 MHz on each system’s performance is analysed. The authors
show that while LTE suffers from a slight throughput degradation, the sharing severely
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degrades WiFi performance, with WiFi station being in the listen-mode for more than 95%
of the time. The impact of LTE operation and its effect on WiFi performance has been
evaluated in [170], where authors consider the LTE operation in TDD and FDD mode.
Analytical and numerical results show significant performance degradation for WiFi, even
when considering the longest period when LTE system is silent. With the increase in the
number of WiFi stations, this impact becomes even greater. Consequently, LTE-U Forum?!
has recognised the potential implications LTE-U may have on WiFi and issued technical
report [171], which proposes three mechanisms to enable fair co-existence of LTE with
WiFi. The first one includes an algorithm for channel selection, which entails choosing the
best possible, uncongested channel, as well as monitoring the congestion and, if required,
changing the channel. In case a clean channel cannot be found, the LTE operation would
be muted for a period to allow the coexistence with WiFi. Besides, [171] proposes LTE
cells operating at 5 GHz band to be dynamically switched on/off, depending on the traffic
demand. In markets where LBT is a requirement, such as Europe and Japan, LAA will be
implemented - it is now a part of 3GPP Release 13 [172]. Besides, the report also stipu-

lates the use of WiFi channel frequencies only to reduce the search space for eNodeB and UE.

Clearly, the developments in standardisation have sparked significant interest in research in
this domain. In addition to the works mentioned above, the system performance with WiFi
coexisting with LTE is evaluated in [173], where LTE system is muted for a percentage of its
transmission interval. Sharing between WiFi and LTE is proposed in [174], using LBT and
RTS/CTS mechanism. The authors in [175] propose a design of MAC protocol for LTE-U
to enable co-existence with Wifi, including asynchronous and synchronous LBT mechanism,
medium reservation and modified link adaptation algorithm. As expected, LBT improves
WiFi performance, therefore improving coexistence, which together with the appropriate
selection of energy detection threshold for LTE-U system improves fairness and performance
of both systems. In [176], proportional fair access is proposed to enable better coexistence
between LTE-U and WiFi. The scheme does not require the exchange of messages between
LTE and WiFi systems. Instead, the LTE system calculates the optimum probability of
accessing the channel. LTE is only required to perform channel monitoring while WiFi does
not need any changes to its protocol operation. To overcome unfairness with LTE-U, in [177]
an etiquette whereby WiFi system is a primary user is proposed. For the proposed spectrum
etiquette, LTE-802.11 fusion protocol stack for eNodeB is presented, comprising of the
enhanced LTE and 802.11 protocols, which are modified to enable the exchange of signalling
messages between the protocol stacks. Besides, the paper proposes interference coordination
by eNodeBs to improve the performance of LTE in the unlicensed band. A distributed
Q-learning mechanism on a cell level is proposed in [178], aimed at choosing a best possible

channel in the WiFi band. The authors claim almost entirely optimal performance while also

"http:/ /www.lteuforum.org
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pointing out the need to further evaluate the implications and performance of Q-learning
channel selection and strategy design. Finally, a more detailed analysis of the implications
for LTE systems for the operation in 5 GHz WiFi band is given in [179]. The article considers
an enhanced mechanism for LBT, including a back-off defer period, as well as discontinuous
transmission feature, both aimed to improve the coexistence. It then goes to discuss the
impact and possible design of the shared/control channels, reference signals, feedback and
retransmissions, as well as radio resource management aspects. The coexistence is analysed

for a range of indoor and outdoor scenarios.

8.3 Future Work

The thesis has a covered a wide range of work. However, like any thesis, more questions arise
from the work. Evidently, analysing the framework proposed in this thesis in the context of
the above-described advancements around LTE in the unlicensed spectrum would be one of
the first avenues to explore. Namely, future work could entail addressing specific changes to
the LTE-Advanced protocol to enable operation what is within the framework the CS band,
using LBT mechanism. Furthermore, the use of a lean control plane with more advanced
demodulation and reference signals, as hinted at in Chapter 7, and impact on scheduling
and retransmissions in both shared bands also need further analysis. Some of these aspects

are also pointed out in [179] in the context of 5 GHz band.

A design of scheduling algorithms that will take into account the attributes for partic-
ular shared spectrum bands is another important topic to be examined, also outlined in [180].
There, Carrier Aggregation across licenced, licenced-shared, and unlicensed bands is dis-
cussed. Although the authors do not consider different baseband architectures, they provide
an interesting taxonomy of PHY and RRM challenges for future Carrier Aggregation-based
systems. In [181], a dynamic activation of shared carriers, relying on Dual Connectivity is
considered. There, a cellular operator owns spectrum used at macro layer and pico layer.
An additional - shared carrier is considered at a pico layer only, using dynamic activation.
More extensive considerations for a range of PHY and RRM challenges, as well system
integration aspects can be found within the ongoing European project titled "Spectrum
OverLay through aggregation of heterogeneous DispERsed Bands — SOLDER"2. The project
focus is on the aggregation of dispersed spectrum bands using licenced, licenced shared
and unlicensed bands, with heterogeneous networks and radio access technologies. These
examples illustrate that the topic considered in the thesis is not only of interest to the
standardisation bodies and research community, but there are many aspects that warrant

further investigation.

*http://ict-solder.eu/
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Also, other QoS aspects besides user throughput should be investigated, particularly consid-
ering the requirements of 5G - the platform that will enable growth of diverse applications
with massive broadband capabilities. 5G poses very low latency and ultra-high reliability
requirements [182] to support existing and new delay-critical and vital applications. The
questions, hence, arise about the suitability of each of the considered baseband architecture
to support such applications, as well as about the scheduling aspects and spectrum selection
mechanism. Also, the uplink communication in Carrier Aggregation and Dual Connectivity
introduces different challenges, such as power-limited communication and UE complexity.
Hence, the proposed framework may be worth exploring in the context of the uplink, includ-

ing addressing various QoS aspects.

There are also many interesting, more general challenges that could be addressed by
considering the sharing framework in the CBS band, which was indicated in Chapter 7.
The sharing framework proposed here could map well to the ideas put forward by PCAST
and rules that emerged from the FCC for the use of the 3.5 GHz band. Future work could
consider how an LTE-Advanced network would access additional spectrum in the 3.5 GHz
bands, under PA and GAA rules, using the proposed sharing framework, and on a much
more dynamic basis than what is envisaged by the current regulations. There is also a broad
scope to look at traffic demands of different cellular (LTE) operators and determine their cor-

relation in time, as well as options for real-time auctioning of PA access and many more topics.

There are challenges that could be addressed through the implementation and testing
of a real framework, with a number of software radio platforms that could be used as a basis.
Clearly, extensive work would have to be carried out to extend those platforms to include
Carrier Aggregation and Dual Connectivity capabilities. However, a real implementation

would quantify the benefits more starkly.

The thesis analysed small cells but did not consider what is already a major trend, which is
the use of millimetre wave (mmW) spectrum. Millimetre wave communication with frequen-
cies between 30-300 GHz has been marked as one of "the big three technologies" of 5G [4],
together with massive MIMO and ultra-dense networks. A number of challenges associated
with such a radical move to these frequencies have already been identified, including an
appropriate channel model, multiple access schemes, and resolving the limited coverage
[183]. However, of particular interest would be to consider how the use of mmW spectrum
would affect the framework. Besides mmW communication, massive MIMO and further
densification of networks through the use of different LPNs are identified as cornerstones of
5G. Massive MIMO represents a large-scale antenna system, where a base station houses a
much greater number of antennas than the number of active users in the time-frequency

resource, which brings a huge increase in spectral efficiency [4]. On the other hand, the use of
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much higher frequencies will also necessitate the deployments of single- and multi-hop relays.

Hence, there is an extensive scope to consider LPN deployments featuring any combination
of small cells, single- and multi-hop relays and massive MIMO and the effects such scenarios
would have on the proposed framework. Clearly, they provide a rich environment for research

of both - system level issues and PHY aspects.

Finally, there is room for work beyond the purely technical. There are options for ex-
ploring what, if indeed any, regulatory changes would need to be made to facilitate the
framework, including competition issues that could arise. There is a plethora of cost
modelling work that could be pursued to determine the trade-off between the costly CBB ar-

chitectures, which benefit more from the CS spectrum, versus the cheaper DBB architectures.

In summary, the sharing framework proposed and explored in the thesis offers a clear

way forward and opens up many new questions.
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Appendix A
Sensitivity analysis tables

The following tables depict the computed sensitivity indices for the analysis described in
Chapter 7 when CS band is available. It should be noted that for each considered LPN
density, the minimum and the maximum value of each index are highlighted, except for the

power sensitivity index - SI,,. There, the non-zero cases are highlighted.

A.1 2 LPNs

A.1l.1 Slg

A.1.1.1 CBB architecture

Table A.1 Sensitivity Index (SIk) for the case of 2 LPNs in the CBB architecture

0 ’foreign’ interferers 2 LPNs
Power (dBm) 1 6 11 16 21 26 30
Target throughput gain ( x 2) 075 075 075 075 @ B8 @
Target throughput gain ( x 4) 05 05 05 05 0.75 075 0.75

Target throughput gain ( x 10 & x 20) 0 0 0 0 0 0 0
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3, 10, 20 & 30 ’foreign’ interferers 2 LPNs
Power (dBm) All power levels
Target throughput gain ( x 2) 0.75
Target throughput gain ( x 4) 0.5
Target throughput gain ( x 10 & x 20) 0

A.1.1.2 DBB architecture

Table A.2 Sensitivity Index (SIk) for the case of 2 LPNs in the DBB architecture

0 ’foreign’ interferers 2 LPNs
Power (dBm) 1 6 11 16 21 26 30
Target throughput gain ( x 2) 05 05 05 05 075 075 0.75
Target throughput gain ( x 4) 0:25000:25, 102580226 8N (0Ia8 0158 025

Target throughput gain ( x 10 & x20) 0 0 0 0 0 0 0

3,10,20 & 30 ’foreign’ interferers 2 LPNs

Power (dBm) All power levels
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Target throughput gain ( x 2)
Target throughput gain ( x 4)

Target throughput gain ( x 10 & x 20)

0.5

0.25
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Al2 SIr

A.1.2.1 CBB architecture

Table A.3 Sensitivity Index (SIr) for the case of 2 LPNs in the CBB architecture

0 ’foreign’ interferers

2 LPNs

Power (dBm)

K =10
K =20

K =30

0.75 0.75 075 0.75 1.0 10 1.0

0I5 8000 = 0.5 015" N0M7E S 0:75) N0.75

025 025 025 025 05 05 0.5

K =40 & 50

3, 10, 20 & 30 ’foreign’ interferers

2 LPNs

Power (dBm)

All power values

K =10
K =20
K =30

K=40 & 50

0.75

0.5

0.25

A.1.2.2 DBB architecture

Table A.4 Sensitivity Index (SIr) for the case of 2 LPNs in the DBB architecture
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0 'foreign’ interferers 2 LPNs
Power (dBm) 1 6 11 16 21 26 30
Ke=10 05 0.5 0.5 0.5 0.76 0575 0.7
K'=20 0:25 0.25 0256 0:25 05 0.5 0.5
K =30 0 0 0 0 025 025 0.25
K =40 & 50 0 0 0 0 0 0 0
3, 10, 20 & 30 ’foreign’ interferers 2 LPNs
Power (dBm) All power values
K =10 0.5
K =20 0.25
K=30, 40 & 50 0
A.1.3 SI;

A.1.3.1 CBB & DBB architecture

Table A.5 Sensitivity Index (SI;) for the case of 2 LPNs in both architectures

All target throughput gains 2 LPNs

Power (dBm) All power levels
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All values of K 0

K14 ST,

A.1.4.1 CBB architecture

Table A.6 (SI,) for the case of 2 LPNs in the CBB architecture

0 ’foreign’ interferers 2 LPNs
# of users (K) 10/ 20 308 408 50
Target throughput gain ( x 2) —oc -0 055 0 O
Target throughput gain ( x 4) -1.0 0 0 0 0

Target throughput gain ( x 10 & 20) 0 0 0 0 0




A1 2 LPNs

1 Erdrd

3, 10, 20 & 30 ’foreign’ interferers

2 LPNs

# of users (K)

All K values

Target throughput gain (all)

A.1.4.2 DBB architecture

Table A.7 (SI,) for the case of 2 LPNs in the DBB architecture

0 ’foreign’ interferers

2 LPNs

# of users (K)

Target throughput gain ( x 2)
Target throughput gain ( x 4)

Target throughput gain ( x 10 & x 20)

10 20 30 40 50

-10 -05 -033 0 O

3, 10, 20 & 30 ’foreign’ interferers

2 LPNs

# of users (K)

All K values

Target throughput gain (all)
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A.2 4 LPNs

A21 Sk

A.2.1.1 CBB architecture

Table A.8 Sensitivity Index (SIk) for the case of 4 LPNs in the CBB architecture

0 'foreign’ interferers 4 LPNs

Power (dBm) il 6 T8 6 Es 2108 =268 430

Target throughput gain ( x 2) 067 067 I I B B0 B0
Target throughput gain ( x 4) 075 075 [l K0 B8 B8 [0
Target throughput gain ( x 10) 0.25 0.25 0.5 0.5 0.5 0.5 0.5

Throughput gain - target ( x 20) 0 0 0 0 0 0 0

3, 10, 20 & 30 ’foreign’ interferers 4 LPNs
Power (dBm) All power levels
Target throughput gain ( x 2) 0.67
Target throughput gain ( x 4) 0.75
Target throughput gain ( x 10) 0.25
Target throughput gain ( x 20) 0

A.2.1.2 DBB architecture

Table A.9 Sensitivity Index (SIg) for the case of 4 LPNs in the DBB architecture
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0 ’foreign’ interferers 4 LPNs

Power (dBm) 1 6 11 16 21 26 30

Target throughput gain ( x 2) 067 067 [0 [0 B [0 B0
Target throughput gain ( x 4) 055, 0:5 075 0.75 075 0475 075
Target throughput gain ( x 10) 0.25 025 05 05 05 05 0.5

Throughput gain - target ( x<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>