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ABSTRACT

Cooperation in wireless networks is an important means podre
the resource utilization efficiency. It finds an interestpglication
in the context of spectrum sharing, where multiple wirelgessrs
put their licensed frequency bands in common in order toeseha
better resource usage. Due to the complexity of the probiesth-
ematical analysis is typically focused on simple scenartdew-
ever, we believe that, in order to obtain a concrete proobaotept
of the sharing paradigm, it is mandatory to assess its pagboce in
realistic situations, i.e., with a larger number of noded amwider
range of applications. Therefore, the support of a propeukition
environment is fundamental for high-quality applied reska In
this paper we present and evaluate an original extensidreaféll
known ns-3 network simulator which focuses on multiple apens
of the most up-to-date cellular scenarios, i.e., the LormgiEvolu-
tion of UMTS employing OFDMA multiplexing. We describe the
software architecture that enables the spectrum sharhgrapar-
ticular, allows operators to interact in order to agree opexsum
division. A sample sharing policy is given as well, and a teta
simulation campaign is run to validate the proposed archite,
assess its efficiency, and evaluate the simulation timéebta sce-
narios with an increasing number of nodes.
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1. INTRODUCTION

The application of game theoretic concepts to wireless owtw
ing is becoming widespread within the relevant scientiferéture.
Several topics related to radio resource management haveape
proached by means of game theoretic tools which, until fearye
ago, were considered typical of economics, but have by noew be
come common knowledge among wireless engineers [17]. One of
the main reasons for the success of these techniques inuthg st
of wireless networks is that game theory is well suited tarapgh
problems involving both multiple players with differentjebtives
and a general scarcity of resources, characteristics vereloften
found in radio networks. Actually, spectrum availabilityoplems
are due more to the inefficient usage by the licensed usdrsrrat
than to a real lack of available frequencies [13]. Thus, ithis
selfishness of the actors that makes radio resource acctssms
even more acute, which motivates a proper game theoretigsima
whereegoisticplayers are given incentives tooperate

In particular, early attempts at using game theory withirelgiss
scenarios were mainly considerirmggnitive networksa model
that, since its early characterization [19], involves didion be-
tween primary and secondary users; these terms are alsmfriby)
encountered in game theoretic duopoly analysis a la Staeigl
[21], i.e., involving a player moving first, and another réag
subsequently. A more recent trend of analysis involves @igén
paradigm of collaborative usage of the wireless spectrutrerey
different agents are no longer framed as owner or oppotianis-
licensed (i.e., primary and secondary, respectively)sjdeit rather
an egalitarian approach is used. In this context, the foemsdre
on similarly-minded players, which can be thought of as oekw
operators, which desire to share a portion, or possiblyo&their
licensed frequencies for common wireless access, if theigien

a gain in doing so, which can be a larger number of users served
a wider network coverage, or any similar benefit. When réalis
models for the physical layer are considered, such a catidive
approach is found to be advantageous over competition among
erators due to multi-user and frequency diversity [14].

Several studies hinted that spectrum sharing may be beaidfici
all the involved players if a collaborative access to theelgiss re-
source is achieved [8, 15, 16]. However, the practical siecan-
sidered in the analysis is often limited to small networkthview
transmitter-receiver pairs, most of the times just twa, adotal of
four nodes. Instead, we believe that a precise performarvaia-e
ation of a detailed network is key to get a clear understandin
the usefulness of the sharing concept in wireless scenalids
also evident that the performance assessment of a com@Etensy
such as a wireless network comprising dozens of nodes céenot



performed through an exact analysis. However, it is faidyne
mon in the scientific community to resort to network simuati
instruments; among these, the network simulator-3 (ned)[4]

is well known and is currently considered as one of the most ad
vanced and modular. Itis entirely open source and its featsjpan
the entire protocol stack, from the physical layer up to tphplia
cation. Such a modularity has been improved with respedsto i
previous version ns-2, which, while fairly accurate in thedioum
access and networking layers, was not sufficiently accunatiee
characterization of the wireless channel, at least witthtpk level

of detail required when dealing with spectrum sharing isstée
properties of modularity and entire bottom-up represémaif the
protocol stack provided by ns-3 are particularly appeaforgour
purposes, since the analysis of spectrum sharing, whikdvimg
physical and datalink layers, implies important consegasnn
protocol design at higher layers as well, thus being an aitér
cross-layer problem. These reasons motivate our choice ptog
an existing implementation [20] within ns-3 of the Long TeEvo-
lution (LTE) of the Universal Mobile Telecommunicationssssm
(UMTS) [1].

The main contribution of the present paper is to introduceweh
software extension of this ns-3 version to characterizetspe
sharing scenarios where cooperation is established amaiftiy m
ple operators, each with a considerable number of nodesedlo r
ize this enhancement, original software structures aredoced,;
in particular, as will be discussed in the following, a cldsscrib-
ing a virtualfrequency markehas been inserted in the simulator
structure. This class implements the functionalities ofraual ar-
bitrator, and does not represent a physical entity of thearét but
rather it determines the sharing policy of the frequenceeriging
to the common pool. In other words, its role is to abstracstteof
rules agreed by the operators when determining the sharédrpo
of the spectrum. In particular, two main sharing meta-petiare
available, namelyrthogonaland non-orthogonalsharing. In the
former case, the frequencies of the shared pool still reim&inex-
clusive usage of exactly one operator, although not nedbstee
one that detains the legal property of the access on thaidrey.
In the latter, also simultaneous access on the same fregugnc
possible. In both cases, the arbitrator structure is reduio give
an abstract representation of every other sharing poliildeuch
as priority rules among the operators in case of conflictsgigm-
ments. It is worth noting that the definition of efficient sharpoli-
cies is out of the scope of the present paper. For the sakepfist
ity, we focus on orthogonal sharing, which is immediate tectie
and does not require to detail any power control policy fared
frequencies. However, as the code developed is entirelyulagd
an extension to non-orthogonal sharing would be straigivdod.
Moreover, to simplify the game theoretic analysis, only petitive
sharing will be modeled, leaving the issue of identifyin§joiént
and collaborative sharing mechanisms for future work.

Besides introducing the details of the software extensionde-
mented within ns-3, this paper also provides the resultsada
tensive simulation campaign meant to assess the effeetgeof
the simulator as a benchmark for testing spectrum sharigg- al
rithms. A simple sharing algorithm is used, and the evaduatf
the modified version of the simulator in terms of computadioe-
quirements is given as well. The results confirm the abilftguch
a software instrument to give realistic assessments ofdbfilness
of spectrum sharing, and at the same time motivate furtliertef
with game theoretic approaches to implement efficient sbaal-
gorithms where collaborative sharing is sought.

The rest of this paper is organized as follows. In Section Zeve
view related works on simulation platforms for spectrumrsita
analysis. In Section 3 we describe the system model, dejatitie
theoretical rationale behind the spectrum sharing chariaeation,
while in Section 4 we discuss the modifications applied tosthfe
ware architecture. In Section 5 we outline the simulaticnsgio
and in Section 6 we present numerical results to validatepou
posed contribution; we finally conclude in Section 7.

2. STATE OF THE ART

The availability of a suitable simulation platform for test proto-
cols and algorithms is quite important, in particular fortabse
scenarios where the mathematical analysis becomes coraplex
cannot produce a solution in closed form. One immediatdisolu
which is often used in the literature, is to develop a basiglst
purpose simulator, written from scratch and specific to temario
under investigation. However, such a solution often vesaim-
portant requirements in scientific work, i.e., generality aepro-
ducibility of the results. Conversely, several standamdibraries
and simulation tools have been developed to support rdssarn
their work. Some of these instruments are general purpoge (e
SIMLIB [6], MATLAB [3]) and need customization to the partie
lar context that is to be evaluated; others are more apjaitape-
cific and are meant to simulate the behavior of particularesys,
e.g., OMNET++ [5].

For the case of computer networks, one of the most used tothie
research community is the Network Simulator ns [4], whoseska
version is ns-3. It is an open source, free software manageah b
active community of developers. The whole Internet suitggsr

col stack is implemented together with the most importaotqsr
cols at the transport, network, and datalink layers. Theegimany
different network scenarios can be created and simulated dd

the last implemented modules realizes LTE cellular neta/§2i].

The introduced framework enables the creation of Basedbati
(called eNodeBs, or eNBs) and user terminals (called UEs}wh
can communicate with the eNBs. Most of the functionalitiés o
the physical channel and medium access have been impleinente
while some of them are still empty or a sample code has been pro
vided, giving the programmer the opportunity to introdune gest
new algorithms. This paper aims at extending this basicédraonk

by introducing the multi-cell scenario and allowing eNBsstare
part of their frequencies in the downlink direction. Thituation

is particularly interesting when the eNBs are managed Wgraift
cellular network operators.

Although the problems of interference channels and sp@cshar-
ing have been addressed in several papers, e.g., [11, 82jcth
nario of inter-cell spectrum sharing has been consideredsimall
number of them so far, and even fewer papers have focused on
multi-operator networks. However, since in current nekvde-
ployments the coexistence of multiple operators in adjpaeras
is quite common, it is sensible to investigate the efficieatyhe
spectrum division policies adopted in common practice. ke
terest in this area has increased during the last years anbeesn
involving not only researchers, but also telecommunicetiompa-
nies and regulatory bodies.

A first simple concept of spectrum sharing has been intratiacel
analyzed in [7]. Base Stations try to face their incominguesis
first by using their initial spectrum, and then by exploitingquen-
cies not used by the others. Two algorithms for resourceatilon
are presented and evaluated, but the presence of a cestrak-



work is assumed, together with a coordinating unit that rgasa
the whole network. In [10, 18] the authors introduce the embc
of resource sharing in broadband cellular networks and stew
impact on achievable capacity and packet delay. In this, ¢ase
resources shared among the different cells are the time @iote
division multiple access is employed), and operators usie dflo-
cated slots to transfer data to their mobiles. While in [1&réng
is seen only as a “last resort” solution, in [10] a new way of im
plementing radio networks is explored where mobiles areaybdwv
connected to the best base station, regardless of whethadpitgs
to their home operator or not. This point is quite far fromithele-
mentation that we present in this work, where the resouraeesh
is the band and mobile terminals are always connected tddie t
home operator.

Another paper where the inter-operator spectrum sharimgegb

is taken into consideration is [9], where a game theoretidyais

is given for a cognitive context where operators are clasbifito
primary and secondary. This is slightly different from tlystem
modeled in our simulator, as described in the next sectidverev
eNBs are not supposed to have sensing capabilities and hieh a
erarchy is not present.

3. SYSTEM MODEL

We focus on the problem of spectrum sharing in OFDMA net-
works, with particular reference to the LTE standard [1]. sk&n

in the introduction, when discussing spectrum sharingcEsiit is
important to clarify the orthogonality of the access schémtne
pool of common frequencies, where “orthogonality” meams-“i
possibility of simultaneous usage by more than one opet&oren
that the non-orthogonal approach would require a lengthgudi-
sion about the convergence of the contention for sharediéreq
cies, and the description of a power control mechanism fer th
users (i.e., the eNBs), we will limit the following discussi to
the orthogonal sharing case. Note that, in any event, thégceh
is made only for the sake of simplicity and is not restrictagethe
software modules developed are entirely transparent tortheg-
onality property, and they can be promptly extended to wardkeu
non-orthogonal sharing almost without any modification.erga
fore, from this point on, we will assume that eNBs share atho
onally the pool of common frequencies so that each frequescy
source can be assigned to at most a single operator (whitlrnn
will use it for one of its UEs) within an allocation time slam, our
case corresponding to the LTE subframe duration, i.e., 1 ms.

Therefore, this work focuses on the definition of a modulanfe-
work developed to test different solutions and efficientiplaate
the performance in terms of throughput and execution tirbgery-

ing scenarios with an increasing number of UEs and sharing pe
centages. The resulting software can be used as a validaton
form for several sharing policies, possibly derived withigame
theoretic analysis. In the following, we will show samplsulks for
orthogonal competitive sharing. However, given the modok
ture of the simulator, more complex game theoretic appresmchn

be framed, even resorting to dynamic games, Stackelberggam
and so on [17,21].

The proposed framework can be divided into three parts.t Bfrs
all, the spectrum usage parameters must be provided, hgs; p
ical details such as the center frequency, the channel hdtidw
the sharing percentage, and so forth (see Section 3.1)., Tow
scheduling and resource allocation algorithms must beutsddn

eNodeB,

eNodeBg

Figure 1: Spectrum sharing

the proposed serving scheme, as detailed in Section 3.2ll\ia
virtual market is in charge of collecting the local allocatimaps
and derive the serving schemes that must be adopted by e&h eN
according to the chosen contention solving policy, as véliltus-
trated in Section 3.3.

3.1 Spectrum management

Once the physical parameters have been determined, the ®NBs
lect the set of frequencies on which they plan to interogerahe
policy behind such a cooperation agreement is out of theesobp
the present paper, as it is more related to the economicragree
between the operators and their business models. Howderg a
with different allocation and coordination techniquesgjpresents
an interesting research topic and, thanks to this contabpuvari-
ous approaches can be quantitatively evaluated. Figurevisstie
scheme adopted to define the system sharing capabilitieréc
ing to the selected bandwidth percentage to be shared, tBe eN
will allow partial access to UEs belonging to other domains.

3.2 Intra-cell allocation

The cell capabilities are fully characterized when the pal€om-
ponents have been defined. Then, a joint scheduling androesou
allocation algorithm is needed to design a proper downliakg-
mission scheme. However, the focus of this paper is just en th
integration of the proposed spectrum sharing framework_Tdt
systems into a simulation tool, ns-3. Conversely, the dafimand
the analysis of efficient game theoretic schemes which cdade
to this simulator are not directly investigated here, betlaft for
future work, possibly within a game theoretic context.

For what concerns the scope of this paper, two basic algosith
have been implemented and compared: on one haag through-
putrepresents an allocation scheme for which the resources-are
located to the best UEs, without taking into account faisreaong
users. On the other hand a fair approach, denomirfaigtkess is
proposed: the available system resources are equallybdistd
among the users, thus lowering the overall throughput,rareas-
ing the average level of satisfaction of each UE. Figure daiep
a sample scenario, where 10 UEs and 10 resources, hereirgafte
ferred as resource blocks (RBs), are considered. By seietie
first approachmax throughputall the available resources are al-
located to the UEs with the best channel quality indicataC

each eNB in order to generate an allocation map that repesen discussed later in Section 6. Thus, by exploiting multiudieer-
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Figure 2: Intra-cell allocation

sity, the system throughput can be very high. However, UEB wi
lower CQIs will never be served. Therefore, an additionahte
nigue has been introduced, i.e., farnessmechanism which, as
visible in the figure, will provide service to all the registd UEs.
As per the previous case, each RB is allocated to the bestWiE, b
each user cannot get more than a fixed amount of resources. Thi
threshold is given by

NRB-‘
Nue |’

where Nrp represents the total number of RBs, aNg  is the
number of registered UEs requesting admittance in the sysite
the proposed example, from equation (1) the threshold ialéqu
1, so all the UEs will be allocated a single RB.

3.3 Inter-cell coordination

The sharing contention policy is implemented in a separaitd-m
ule, here callediirtual market The relevant class (we refer to an
Object-Oriented Programming, or OOP, paradigm) implesiant
arbitration rule which defines how the operators bargairatieess
to the common portion of the spectrum. Any complex strategy c
be implemented within this class, possibly involving futlexten-
sions. In particular, this may be the place where to implamen
in an entirely modular manner, some procedures inspirechbyeg
theoretic principles. Each eNB, after generating its owocation
map, sends it to theirtual marketthat gathers all the cells’ alloca-
tion information and rearranges the allocation map acogrth the
sharing policy. For the sake of simplicity, in this paper wepmse
immediate implementations of scheduling and resourceatiion

TH = [ 1)

MAP,IN MAPG IN
CRE T UE ToaT] VIRTUAL MARKET CRE [ UE ToaT]
RB [ UE (o] RB [ UE [Cal]
I — — L o I

e S

Figure 3: Inter-cell coordination

algorithms, as well as a simple procedure to handle the ntiates
among operators. Each eNB is assignegtiarity value per fre-
quency subchannel, defined as

RBypool,i € Fenp,
otherwise ’

b,

1—p, @)

PReNB; RBpoor: = {
wherej € {1,...,m} represents the eNB identifier, is the total
number of eNBs involved in the sharing processs [0, 1] is the
priority level given to the eNBF.n5;, = {RBj1,..., RBjn, },

n; is the total number of RBs available at eNBANd RByo01,i €
Fenp; U ... U Fenp,. In other words, shared resources are as-
signed based on these priority levels; obviously, the UEe@ated

to eNB; will always have higher priority than all other competing
users. In our paper, the proposed approach is even simpker: w
assumep = 1 andm = 2, so an eNB will assign to its UEs the
shared resources belonging to tmmpetitoreNB, referred to as
eNB., only if these are not allocated to UEs belonging to eNB
Thus, when multiple players request the same resource,tbaly
one with the highest priority will get it. The others end ugtwmno
assignment, which is in general inefficient.

We stress that this general strategy is not given as an dpéima
location, which ought to be derived from a (game) theoreéc p
spective. Rather, such an intentionally non-optimizedi @etually
inefficient) policy serves to show the effectiveness of mftvgare
implementation. Moreover, it can be thought of as a charaeie
tion of the inefficient Nash equilibria in the games witbmpeti-
tive sharing, while the goal of spectrum sharing should rather be
acollaborativeassignment of frequencies. Thus, our reference al-
location policy correctly reflects that, if the whole commpool

is shared competitively, in the long run only inefficient andfair
allocations will be achieved. However, we also remark thatem
efficient solutions derived through game theory, eitheilabke in

the literature or originally developed, can be tested anidiated
within the modular framework proposed in this paper, so afeto
termine the choice that better suits the operator needs.



4. NS-3LTE EXTENSION [ens, | ED

‘ VirtualMarket

@

The reference implementation of LTE to which we have applied ‘ N !

our modifications is the one presented in [20] and includetthén [ I [

cur_rent release_of the n_s-3 simulator. Our extepsion !Mted two \ \Wi’u ap(map) \

main features, i.e., the implementation of multi-cell moljperator | \

scenarios and the definition of inter-operator downlinkcspen | L%;n

sharing policies. In this way, we have prepared a framewloak t | | ‘

can be used as is or extended again to simulate a broadeoigatég Il wewnlloc(map) |

scenarios. This is made possible by the extreme moduldnity-8. | fl ~

It is also worth mentioning that our extension is entirelghward | = = - = ! L _
compatible with previous versions of ns-3. ! | vewstocman) || Hﬁi‘&ﬂia" |

|1 ||

4.1 Multi-cell multi-operator scenario ‘ I

The definition of a multi-cell scenario requires first of aktdefini- ‘ \ ‘

tion of a separate object of the cldsgHelperfor each cell. Such | I| potx(man) |

an object contains a reference to the eNB and all its UEs aerd-th | rk‘// !

fore manages the creation and configuration of all the mesnifer \ +,”E‘_‘&'“,”’l——/~ \

a cell (e.g., registration of a UE). Different cells are nmged by \ /‘ \
differentLteHelpes. \ n H

A further modification that was required with respect to [26] Figure 4: Sequence diagram for allocation conflict resolutin

gards the management of the time by each eNB. The ttaesthy

is the base class for modeling eNB and UE physical layer. Hren
bLtePhyandUeLtePhyare derived classes that implement particu-
lar features of the physical layer for the two types of nodash as
transmission and reception of signals on the wireless aHaiiine
LtePhyclass has in its private fields tvabaticcounters, one for the
frame index and another for the subframe index within theesur
frame. They are incremented every time a new frame/subfiame
started, a functionality that is implemented by EebLtePhyclass,
methodsStartFrameand StartSubFramesince it is up to the eNB
to decide when to start the new frame/subframe. In a multisce-
nario there are many eNBs, each with its oembLtePhy and all
these counters need to be incremented. Therefore, twap®ss-
lutions are available: either only an eNB increments thasmters
or each one of them has its own counter and increments it @rdep
dently. In our implementation we have chosen the lattes #ach
eNB has its private view of the time index. In our implemeiotat
they are all synchronized, hence they start each (sub)fetrtiee
same time, but this implementation choice does not prewetitdr
more realistic extensions where the eNBs are non-synctedni

As a further point, we have implemented the communicatiah an
trading mechanisms among the eNBs for the sharing of the com-
mon pool. Each eNB calculates its allocation map indepethden
according to an internal scheduling and resource allocgtadicy.
Then, a virtual entity has been introduced to implement the e
change of the maps and the resolution of the conflicts. Inlaysa
tem, this phase requires that the eNBs communicate (etgugh

a backhaul) and agree on a final allocation map to which all of
them must adhere. This virtual entity is an object definedras a
instance of the clasgirtualMarket at the beginning of each sub-
frame, it receives the resource allocation maps proposeddl ltlye
eNBs (competitors) and decides the final map according teesom
policy. Developers can implement whatever policy they ndwsd
just modifying that class or extending it and overriding thethod
that deals with contention resolution, i.&etAllocationMap The
VirtualMarket has a collection of eNB entities, which can commu-
nicate with it through its public interface. In Figure 4 araeyle of
such a communication is shown by means of a sequence diagram,
4.2 Downlink spectrum sharing which is also able to catch the temporal dimension of theviggti
Regarding the implementation of the inter-cell downlinkespum The particular communication protocol shown is the one rdlesd
sharing, several modifications to the base model have beien wr in the previous section for conflict resolution. An iteratie shown
ten. First of all, we made eNBs aware of the additional subcha Since every time a competitor cannot use a subchannel foe som
nels they can use for downlink resource allocation. Theimelg ~ UEs (i.e., it loses the contention), it is invited to resallecthose
implementation assigns to eaEhbLtePhyandUeLtePhya vector UEs on other free resources (if any).

of subchannels which represents the available resouregsctin

use. In our implementation we have associated to each node an

extended vector containing not only the subchannels ailyims- 5. SIMULATION SCENARIO

signed to it, but also those that the other eNBs are willinghtare In order to test the software architecture that we have impleed,
(calculated as a percentage of the original spectrum sigether and to validate the sample sharing algorithm proposed, we fuen
with the subchannel priority access information. This sed the some simulations. The aim of this phase is not to test theoperf
set of frequencies that is actually used by the resourceattho of mance of the algorithm itself since, as already said, thesfaf
the eNB. The way it is used depends on the scheduling and allo-this paper is on the architectural extension of the simulaidhe
cation policy implemented. In particular, to customizesthéunc- algorithm that we have implemented is meant to be just an pleam
tionalities, it is sufficient to write a new class which exdsrthe to show how things work, so itis not expected to be the optsoal

PacketScheduletlass, thereby inheriting its methods, and to over- lution. We are more interested in the performance and thailitga
ride the methodoRunPacketScheduleire., the routine called at  of the simulator itself. In the following we present the ksof a
the beginning of each subframe when a new set of packets raust b simulation campaign conducted with the extended frameviark
selected for transmission. spectrum sharing in ns-3.



1500 Parameter Value
Center Frequency 2.0GHz
1000 - Channel Bandwidth 10 MHz
Subcarrier Bandwidth 15 kHz
sor Doppler frequency 200 Hz
RByandwidth 180 kHz
°r RBsubcar"r‘ie'r‘s 12
RBoFDMsymbols 14
wor eNodeB TX power 43 dBm
Noise figure (F) 25
er Noise spectral density (Y —174 dBm/Hz
Macroscopic pathloss | 128.1 4 (37.6 - log,,(R)) dB
5500 1000 500 0 500 1000 1500 Shadow fading log-normal (+ = 0,0 = 8 dB)
Fi 5 Depl t of the UE dthe eNB Multipath Jakes model
'gure 5: Deployment ot the LS around the Wall penetration loss 10 dB
CQI | Modulation | ECR | Spectral Efficiency | TB Simulated |nt§rval 2000 subframes
1 QPSK 0.0762 0.15 24 Frame duration 10 ms
2 QPSK ] 0.1172 0.23 40 Tl 1ms
3 QPSK 0.1885 0.38 60
a QPSK 0.3008 0.6 100 Table 2: Main system parameters
5 QPSK 0.4385 0.88 144
6 QPSK 0.5879 118 196 The simulation campaign is executed to investigate thaliiy
7 16QAM 0.3691 1.48 248 of the proposed framework, in terms of theoretical capaaigre-
8 16QAM | 0.4785 191 322 gate throughput, and simulation time. In fact, as will beeasively
9 16QAM | 0.6016 241 402 detailed in Section 6, the system performance behavianslithe
10 64QAM | 0.4551 2.73 452 trend that we expected: on the one hand, increasing the muwhbe
11 64QAM 0.5537 3.32 554 UEs in the system corresponds to a throughput increasee whil
12 64QAM 0.6504 3.9 654 the other hand increasing the sharing percentage inducesatts
13 64QAM 0.7539 4,52 756 decrease of the system throughput, according to the simopltiat
14 64QAM 0.8525 5.12 856 resolution approach implemented. More specifically, théope
15 64QAM 0.9258 5.55 936 mance metrics taken into consideration are:
—Shannon Capacity which represents the maximum theoretical
Table 1: LTE MCS throughput in communication systems. It is defined as thei-max
mum of the mutual information between the input and the dutpu
of the channel, and is given by
The scenario consists of two eNBs positioned in the same, field _n.
both with a coverage of 1500 m. An increasing number of UEs, C=B-log,(1+ SNR). @
characterized by low mobility, are registered to each @tatand —System Throughput which represents the aggregation of the
are uniformly distributed within the associated eNB cogerarea. data rates delivered to all UEs, and is computed as
Figure 5 depicts an example of user distribution resultiiter ahe N
execution of a simulation run with 22 UEs. T = %7 (5)
As mentioned in the previous sections, each user percenlifiera whereT Brp, represents the transport block size referred tatthe
ent quality of the channel according to its position and othimor RB, andN is the total number of RBs available in the system.
factors. Hence, an ideal channel is established betwednErsnd —Simulation time, which represents the execution time of each
the eNB, used for the transmission of the CQIs associateddlo e  set of simulation runs. As expected, it grows with the nunifer
RB. In fact, thanks to this information, the eNB can selecade- UEs and with the sharing percentage because of the higher com
guate Modulation and Coding Scheme (MCS). As reported iteTab  putational complexity needed to process a larger numbeperfes
1, LTE technology provides 15 different option schemesy2iere tions. The reference machine is a desktop computer with tuPen

ECR stands for Effective Code Rate, and represents thetraass 4 CPU, 1 GB RAM and running GNU/Linux Ubuntu 10.04 as the
of the selected coding scheme. Hence, each MCS determiaes th operating system.

transport block (TB) size that results from
RBsubcar'rie'rs : RBOFDl\lsymbols . ECRCQI 6 NUMERICAL RESULTS .

TTT , 3 F|gures_6—7 show the performance in terms of capacity amyt!r-

put achieved by each cell when theax throughpuiallocation is

whereRBiybcarriers, RBoFDMsymbols, andT'TI, that represent used. As expected, the actual throughput value is signtfican
the number of subcarriers per RB, the number of OFDM symbols below the channel capacity, which represents the theatdiinit
per RB, and the scheduling time respectively, are providelable achievable with such a channel condition. The actual amofint
2, together with the main system parameters. data transmitted depends on the ECR and is upper bounded by

TBcgr =
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Figure 9: Cell throughput of the fairnessallocation

the Shannon capacity. However, the behavior of both capacit Another important intuition that can be gained from thoserkg

and throughput as functions of the sharing percentage fierelint
numbers of users is qualitatively similar, meaning thay thi&er
only by a scaling factor due to the use of real coding and nasdul
tion schemes. A first conclusion that might be drawn from ehes
figures is that, if spectrum sharing is performed inampetitive
manner, there is no gain for the operators in sharing thedpuen-
cies. In fact, the higher the sharing percentage, the mketylthe
resource conflicts. Due to the lack of collaboration amormgap-
erators, they simply try to get the best frequencies, wiseotizer
less appealing resources are wasted. This is a typical phemn
of non cooperativggame theory, i.e., an inefficient Nash equilib-
rium as a result of the selfishness of the players [17]. Thasdn
is made worse by the constraint that the private subchaofhelse

is that both performance indices increase with the numbesers.
This is an effect of the increased multiuser diversity: theater

the number of UEs, the higher the probability that for eadb- su
channel there is at least one of them with a good CQI. However,
this increase is significant only when the number of usersvis |
When more users are in the system, the marginal improvenuent d
to multiuser diversity becomes lower since for almost adl slub-
channels there is a user with good CQI. Thus, the curves seem t
saturate around8 users.

To sum up, the results validate the reliability of our moaespite
of an inefficient sharing policy, that was not the scope of faper.
Thanks to the modularity introduced, the contention tegha@ican

eNB cannot be accessed by the other eNBs, and so some resourcebe adapted to different needs, and in particular to pursoepera-
might be unsed. These are the main reasons for the convdxity o tive sharing, where system capacity and throughput ineredeen

the curves: the presence of a minimum for a 50% sharing iteica
the situation of maximum waste. Although the focus of thipgra
is just on the software framework, we see as a promising siien
the identification of efficient game theoretic strategigsriducing
the operators to achievecallaborativesharing, thus improving the
allocation efficiency. The modularity of our software allfor a
prompt insertion of such strategies.

the spectrum sharing percentage becomes higher.

Our framework also enables a comparative analysis amofey-dif
ent allocation approaches. Therefore, we can comparentbe
throughputallocation with the other approach, i.e., tf@rness
allocation, that aims at scheduling all the users, not jostltest
ones. As expected, applying a fair scheduling scheme sesult
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Figure 10: Simulation time

a decrease of the system throughput. This is shown in Fighires

and 9, where it can be noted that the aggregate data ratésaabta
are roughly halved with respect to theax throughpuapproach.
Moreover, it is highlighted that in thiairnessallocation both per-
formance indices do not always improve when the number akuse
increases. In fact, when the number of users is increasedaith
ness constraint is harder to satisfy and may actually lead tver-

all decrease of the system capacity and throughput.

Finally, the execution time resulting from a wide range ofigia-
tions is analyzed. As shown in Figure 10, the obvious conifylex
increase with respect to the increase of the number of UEszew
trum sharing percentage is reflected in the graphs. A highaber
of UEs requires more memory and computational resourcast® s
and manage all those objects and thus a higher execution @me
the other hand, a greater number of shared resources impdies
contention and thus more iterations of the conflict resotutal-
gorithm. Execution times also increase for higher sharsiigce

the simulator has a higher number of degrees of freedom. More

over, we remark that the tracing option was enabled in okrg
the performance indices and calculate statistics. Diskssas are

quite time consuming and can slow down the execution by more

than 10 times the normal duration. However, in spite of adkth
points, the computational complexity scales almost lilyeaith
the number of users, and can thus be considered acceptalpée fo
alistic and detailed simulation campaigns.

7. CONCLUSIONS

In this paper we outlined and evaluated a framework for spect
sharing mechanisms within an LTE implementation of ns-3e Th
resulting software has been thoroughly tested to evaltsteor-
rectness and reliability in achieving spectrum sharingfiomali-
ties. The results have been satisfactory under all aspstatsiing
that our proposed extension can serve as a concrete toalumey
resource sharing mechanisms in next generation wirel¢a®ries.

Future work involves the implementation and exploratiomofi-

orthogonalsharing mechanisms, where multiple players are allowed

to operate on the shared frequencies. Such an extensioregmpl
also the introduction of power control mechanisms to haigeon
the transmission among different sources. Finally, subimrsof
the developed software for official release in ns-3 is alsmipéd
for the near future.
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