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ABSTRACT
Cooperation in wireless networks is an important means to improve
the resource utilization efficiency. It finds an interestingapplication
in the context of spectrum sharing, where multiple wirelessusers
put their licensed frequency bands in common in order to achieve a
better resource usage. Due to the complexity of the problem,math-
ematical analysis is typically focused on simple scenarios. How-
ever, we believe that, in order to obtain a concrete proof of concept
of the sharing paradigm, it is mandatory to assess its performance in
realistic situations, i.e., with a larger number of nodes and a wider
range of applications. Therefore, the support of a proper simulation
environment is fundamental for high-quality applied research. In
this paper we present and evaluate an original extension of the well
known ns-3 network simulator which focuses on multiple operators
of the most up-to-date cellular scenarios, i.e., the Long Term Evolu-
tion of UMTS employing OFDMA multiplexing. We describe the
software architecture that enables the spectrum sharing and, in par-
ticular, allows operators to interact in order to agree on a spectrum
division. A sample sharing policy is given as well, and a detailed
simulation campaign is run to validate the proposed architecture,
assess its efficiency, and evaluate the simulation time related to sce-
narios with an increasing number of nodes.
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cations, wireless communication; C.2.2 [Computer Systems Or-
ganization]: Computer-Communication Networks-Network Pro-
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1. INTRODUCTION
The application of game theoretic concepts to wireless network-
ing is becoming widespread within the relevant scientific literature.
Several topics related to radio resource management have been ap-
proached by means of game theoretic tools which, until few years
ago, were considered typical of economics, but have by now be-
come common knowledge among wireless engineers [17]. One of
the main reasons for the success of these techniques in the study
of wireless networks is that game theory is well suited to approach
problems involving both multiple players with different objectives
and a general scarcity of resources, characteristics whichare often
found in radio networks. Actually, spectrum availability problems
are due more to the inefficient usage by the licensed users rather
than to a real lack of available frequencies [13]. Thus, it isthe
selfishness of the actors that makes radio resource access problems
even more acute, which motivates a proper game theoretic analysis
whereegoisticplayers are given incentives tocooperate.

In particular, early attempts at using game theory within wireless
scenarios were mainly consideringcognitive networks, a model
that, since its early characterization [19], involves a distinction be-
tween primary and secondary users; these terms are also frequently
encountered in game theoretic duopoly analysis à la Stackelberg
[21], i.e., involving a player moving first, and another reacting
subsequently. A more recent trend of analysis involves a general
paradigm of collaborative usage of the wireless spectrum, where
different agents are no longer framed as owner or opportunistic un-
licensed (i.e., primary and secondary, respectively) users, but rather
an egalitarian approach is used. In this context, the focus is more
on similarly-minded players, which can be thought of as network
operators, which desire to share a portion, or possibly all,of their
licensed frequencies for common wireless access, if they envision
a gain in doing so, which can be a larger number of users served,
a wider network coverage, or any similar benefit. When realistic
models for the physical layer are considered, such a collaborative
approach is found to be advantageous over competition amongop-
erators due to multi-user and frequency diversity [14].

Several studies hinted that spectrum sharing may be beneficial for
all the involved players if a collaborative access to the wireless re-
source is achieved [8,15,16]. However, the practical scenario con-
sidered in the analysis is often limited to small networks with few
transmitter-receiver pairs, most of the times just two, i.e., a total of
four nodes. Instead, we believe that a precise performance evalu-
ation of a detailed network is key to get a clear understanding of
the usefulness of the sharing concept in wireless scenarios. It is
also evident that the performance assessment of a complex system
such as a wireless network comprising dozens of nodes cannotbe



performed through an exact analysis. However, it is fairly com-
mon in the scientific community to resort to network simulation
instruments; among these, the network simulator-3 (ns-3) tool [4]
is well known and is currently considered as one of the most ad-
vanced and modular. It is entirely open source and its features span
the entire protocol stack, from the physical layer up to the appli-
cation. Such a modularity has been improved with respect to its
previous version ns-2, which, while fairly accurate in the medium
access and networking layers, was not sufficiently accuratein the
characterization of the wireless channel, at least with thehigh level
of detail required when dealing with spectrum sharing issues. The
properties of modularity and entire bottom-up representation of the
protocol stack provided by ns-3 are particularly appealingfor our
purposes, since the analysis of spectrum sharing, while involving
physical and datalink layers, implies important consequences in
protocol design at higher layers as well, thus being an inherently
cross-layer problem. These reasons motivate our choice to employ
an existing implementation [20] within ns-3 of the Long TermEvo-
lution (LTE) of the Universal Mobile Telecommunications System
(UMTS) [1].

The main contribution of the present paper is to introduce a novel
software extension of this ns-3 version to characterize spectrum
sharing scenarios where cooperation is established among multi-
ple operators, each with a considerable number of nodes. To real-
ize this enhancement, original software structures are introduced;
in particular, as will be discussed in the following, a classdescrib-
ing a virtual frequency markethas been inserted in the simulator
structure. This class implements the functionalities of a virtual ar-
bitrator, and does not represent a physical entity of the network, but
rather it determines the sharing policy of the frequencies belonging
to the common pool. In other words, its role is to abstract theset of
rules agreed by the operators when determining the shared portion
of the spectrum. In particular, two main sharing meta-policies are
available, namelyorthogonalandnon-orthogonalsharing. In the
former case, the frequencies of the shared pool still remaininto ex-
clusive usage of exactly one operator, although not necessarily the
one that detains the legal property of the access on that frequency.
In the latter, also simultaneous access on the same frequency is
possible. In both cases, the arbitrator structure is required to give
an abstract representation of every other sharing policy detail, such
as priority rules among the operators in case of conflicting assign-
ments. It is worth noting that the definition of efficient sharing poli-
cies is out of the scope of the present paper. For the sake of simplic-
ity, we focus on orthogonal sharing, which is immediate to describe
and does not require to detail any power control policy for shared
frequencies. However, as the code developed is entirely modular,
an extension to non-orthogonal sharing would be straightforward.
Moreover, to simplify the game theoretic analysis, only competitive
sharing will be modeled, leaving the issue of identifying efficient
and collaborative sharing mechanisms for future work.

Besides introducing the details of the software extensionsimple-
mented within ns-3, this paper also provides the results of an ex-
tensive simulation campaign meant to assess the effectiveness of
the simulator as a benchmark for testing spectrum sharing algo-
rithms. A simple sharing algorithm is used, and the evaluation of
the modified version of the simulator in terms of computational re-
quirements is given as well. The results confirm the ability of such
a software instrument to give realistic assessments of the usefulness
of spectrum sharing, and at the same time motivate further efforts
with game theoretic approaches to implement efficient sharing al-
gorithms where collaborative sharing is sought.

The rest of this paper is organized as follows. In Section 2 were-
view related works on simulation platforms for spectrum sharing
analysis. In Section 3 we describe the system model, detailing the
theoretical rationale behind the spectrum sharing characterization,
while in Section 4 we discuss the modifications applied to thesoft-
ware architecture. In Section 5 we outline the simulation scenario
and in Section 6 we present numerical results to validate ourpro-
posed contribution; we finally conclude in Section 7.

2. STATE OF THE ART
The availability of a suitable simulation platform for testing proto-
cols and algorithms is quite important, in particular for all those
scenarios where the mathematical analysis becomes complexor
cannot produce a solution in closed form. One immediate solution,
which is often used in the literature, is to develop a basic single-
purpose simulator, written from scratch and specific to the scenario
under investigation. However, such a solution often violates im-
portant requirements in scientific work, i.e., generality and repro-
ducibility of the results. Conversely, several standard code libraries
and simulation tools have been developed to support researchers in
their work. Some of these instruments are general purpose (e.g.,
SIMLIB [6], MATLAB [3]) and need customization to the particu-
lar context that is to be evaluated; others are more application spe-
cific and are meant to simulate the behavior of particular systems,
e.g., OMNET++ [5].

For the case of computer networks, one of the most used tools in the
research community is the Network Simulator ns [4], whose latest
version is ns-3. It is an open source, free software managed by an
active community of developers. The whole Internet suite proto-
col stack is implemented together with the most important proto-
cols at the transport, network, and datalink layers. Therefore, many
different network scenarios can be created and simulated. One of
the last implemented modules realizes LTE cellular networks [20].
The introduced framework enables the creation of Base Stations
(called eNodeBs, or eNBs) and user terminals (called UEs) which
can communicate with the eNBs. Most of the functionalities of
the physical channel and medium access have been implemented,
while some of them are still empty or a sample code has been pro-
vided, giving the programmer the opportunity to introduce and test
new algorithms. This paper aims at extending this basic framework
by introducing the multi-cell scenario and allowing eNBs toshare
part of their frequencies in the downlink direction. This situation
is particularly interesting when the eNBs are managed by different
cellular network operators.

Although the problems of interference channels and spectrum shar-
ing have been addressed in several papers, e.g., [11, 12], the sce-
nario of inter-cell spectrum sharing has been considered ina small
number of them so far, and even fewer papers have focused on
multi-operator networks. However, since in current network de-
ployments the coexistence of multiple operators in adjacent areas
is quite common, it is sensible to investigate the efficiencyof the
spectrum division policies adopted in common practice. Thein-
terest in this area has increased during the last years and has been
involving not only researchers, but also telecommunication compa-
nies and regulatory bodies.

A first simple concept of spectrum sharing has been introduced and
analyzed in [7]. Base Stations try to face their incoming requests
first by using their initial spectrum, and then by exploitingfrequen-
cies not used by the others. Two algorithms for resource allocation
are presented and evaluated, but the presence of a centralized net-



work is assumed, together with a coordinating unit that manages
the whole network. In [10, 18] the authors introduce the concept
of resource sharing in broadband cellular networks and showits
impact on achievable capacity and packet delay. In this case, the
resources shared among the different cells are the time slots (time
division multiple access is employed), and operators use their allo-
cated slots to transfer data to their mobiles. While in [18] sharing
is seen only as a “last resort” solution, in [10] a new way of im-
plementing radio networks is explored where mobiles are always
connected to the best base station, regardless of whether itbelongs
to their home operator or not. This point is quite far from theimple-
mentation that we present in this work, where the resource shared
is the band and mobile terminals are always connected to the their
home operator.

Another paper where the inter-operator spectrum sharing context
is taken into consideration is [9], where a game theoretic analysis
is given for a cognitive context where operators are classified into
primary and secondary. This is slightly different from the system
modeled in our simulator, as described in the next section, where
eNBs are not supposed to have sensing capabilities and such ahi-
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]. Asseen
in the introduction, when discussing spectrum sharing policies it is
important to clarify the orthogonality of the access schemein the
pool of common frequencies, where “orthogonality” means “im-
possibility of simultaneous usage by more than one operator.” Given
that the non-orthogonal approach would require a lengthy discus-
sion about the convergence of the contention for shared frequen-
cies, and the description of a power control mechanism for the
users (i.e., the eNBs), we will limit the following discussion to
the orthogonal sharing case. Note that, in any event, this choice
is made only for the sake of simplicity and is not restrictiveas the
software modules developed are entirely transparent to theorthog-
onality property, and they can be promptly extended to work under
non-orthogonal sharing almost without any modification. There-
fore, from this point on, we will assume that eNBs share orthog-
onally the pool of common frequencies so that each frequencyre-
source can be assigned to at most a single operator (which, inturn,
will use it for one of its UEs) within an allocation time slot,in our
case corresponding to the LTE subframe duration, i.e., 1 ms.

Therefore, this work focuses on the definition of a modular frame-
work developed to test different solutions and efficiently evaluate
the performance in terms of throughput and execution time, observ-
ing scenarios with an increasing number of UEs and sharing per-
centages. The resulting software can be used as a validationplat-
form for several sharing policies, possibly derived withina game
theoretic analysis. In the following, we will show sample results for
orthogonal competitive sharing. However, given the modular na-
ture of the simulator, more complex game theoretic approaches can
be framed, even resorting to dynamic games, Stackelberg games
and so on [17,21].

The proposed framework can be divided into three parts. First of
all, the spectrum usage parameters must be provided, i.e., phys-
ical details such as the center frequency, the channel bandwidth,
the sharing percentage, and so forth (see Section 3.1). Then, local
scheduling and resource allocation algorithms must be executed in
each eNB in order to generate an allocation map that represents

Figure 1: Spectrum sharing

the proposed serving scheme, as detailed in Section 3.2. Finally, a
virtual market is in charge of collecting the local allocation maps
and derive the serving schemes that must be adopted by each eNB,
according to the chosen contention solving policy, as will be illus-
trated in Section 3.3.

3.1 Spectrum management
Once the physical parameters have been determined, the eNBsse-
lect the set of frequencies on which they plan to interoperate. The
policy behind such a cooperation agreement is out of the scope of
the present paper, as it is more related to the economic agreement
between the operators and their business models. However, along
with different allocation and coordination techniques, itrepresents
an interesting research topic and, thanks to this contribution, vari-
ous approaches can be quantitatively evaluated. Figure 1 shows the
scheme adopted to define the system sharing capabilities. Accord-
ing to the selected bandwidth percentage to be shared, the eNBs
will allow partial access to UEs belonging to other domains.

3.2 Intra-cell allocation
The cell capabilities are fully characterized when the physical com-
ponents have been defined. Then, a joint scheduling and resource
allocation algorithm is needed to design a proper downlink trans-
mission scheme. However, the focus of this paper is just on the
integration of the proposed spectrum sharing framework forLTE
systems into a simulation tool, ns-3. Conversely, the definition and
the analysis of efficient game theoretic schemes which can befed
to this simulator are not directly investigated here, but are left for
future work, possibly within a game theoretic context.

For what concerns the scope of this paper, two basic algorithms
have been implemented and compared: on one hand,max through-
put represents an allocation scheme for which the resources areal-
located to the best UEs, without taking into account fairness among
users. On the other hand a fair approach, denominatedfairness, is
proposed: the available system resources are equally distributed
among the users, thus lowering the overall throughput, but increas-
ing the average level of satisfaction of each UE. Figure 2 depicts
a sample scenario, where 10 UEs and 10 resources, hereinafter re-
ferred as resource blocks (RBs), are considered. By selecting the
first approach,max throughput, all the available resources are al-
located to the UEs with the best channel quality indicator (CQI),
discussed later in Section 6. Thus, by exploiting multiuserdiver-



Figure 2: Intra-cell allocation

sity, the system throughput can be very high. However, UEs with
lower CQIs will never be served. Therefore, an additional tech-
nique has been introduced, i.e., thefairnessmechanism which, as
visible in the figure, will provide service to all the registered UEs.
As per the previous case, each RB is allocated to the best UE, but
each user cannot get more than a fixed amount of resources. This
threshold is given by

TH =

⌈

NRB

NUE

⌉

, (1)

whereNRB represents the total number of RBs, andNUE is the
number of registered UEs requesting admittance in the system. In
the proposed example, from equation (1) the threshold is equal to
1, so all the UEs will be allocated a single RB.

3.3 Inter-cell coordination
The sharing contention policy is implemented in a separate mod-
ule, here calledvirtual market. The relevant class (we refer to an
Object-Oriented Programming, or OOP, paradigm) implements an
arbitration rule which defines how the operators bargain theaccess
to the common portion of the spectrum. Any complex strategy can
be implemented within this class, possibly involving further exten-
sions. In particular, this may be the place where to implement,
in an entirely modular manner, some procedures inspired by game
theoretic principles. Each eNB, after generating its own allocation
map, sends it to thevirtual marketthat gathers all the cells’ alloca-
tion information and rearranges the allocation map according to the
sharing policy. For the sake of simplicity, in this paper we propose
immediate implementations of scheduling and resource allocation

Figure 3: Inter-cell coordination

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

PReNBj ,RBpool,i
=

{

p, RBpool,i ∈ FeNBj

1− p, otherwise
, (2)

wherej ∈ {1, ..., m} represents the eNB identifier,m is the total
number of eNBs involved in the sharing process,p ∈ [0, 1] is the
priority level given to the eNB,FeNBj

=
{

RBj,1, ..., RBj,nj

}

,
nj is the total number of RBs available at eNBj , andRBpool,i ∈
FeNBj

∪ ... ∪ FeNBm . In other words, shared resources are as-
signed based on these priority levels; obviously, the UEs associated
to eNBj will always have higher priority than all other competing
users. In our paper, the proposed approach is even simpler: we
assumep = 1 andm = 2, so an eNB will assign to its UEs the
shared resources belonging to thecompetitoreNB, referred to as
eNBc, only if these are not allocated to UEs belonging to eNBc.
Thus, when multiple players request the same resource, onlythe
one with the highest priority will get it. The others end up with no
assignment, which is in general inefficient.

We stress that this general strategy is not given as an optimal al-
location, which ought to be derived from a (game) theoretic per-
spective. Rather, such an intentionally non-optimized (and actually
inefficient) policy serves to show the effectiveness of our software
implementation. Moreover, it can be thought of as a characteriza-
tion of the inefficient Nash equilibria in the games withcompeti-
tive sharing, while the goal of spectrum sharing should rather be
a collaborativeassignment of frequencies. Thus, our reference al-
location policy correctly reflects that, if the whole commonpool
is shared competitively, in the long run only inefficient andunfair
allocations will be achieved. However, we also remark that more
efficient solutions derived through game theory, either available in
the literature or originally developed, can be tested and validated
within the modular framework proposed in this paper, so as tode-
termine the choice that better suits the operator needs.



4. NS-3 LTE EXTENSION
The reference implementation of LTE to which we have applied
our modifications is the one presented in [20] and included inthe
current release of the ns-3 simulator. Our extension introduced two
main features, i.e., the implementation of multi-cell multi-operator
scenarios and the definition of inter-operator downlink spectrum
sharing policies. In this way, we have prepared a framework that
can be used as is or extended again to simulate a broader category of
scenarios. This is made possible by the extreme modularity of ns-3.
It is also worth mentioning that our extension is entirely backward
compatible with previous versions of ns-3.

4.1 Multi-cell multi-operator scenario
The definition of a multi-cell scenario requires first of all the defini-
tion of a separate object of the classLteHelperfor each cell. Such
an object contains a reference to the eNB and all its UEs and there-
fore manages the creation and configuration of all the members of
a cell (e.g., registration of a UE). Different cells are managed by
differentLteHelpers.

A further modification that was required with respect to [20]re-
gards the management of the time by each eNB. The classLtePhy
is the base class for modeling eNB and UE physical layer. ThenEn-
bLtePhyandUeLtePhyare derived classes that implement particu-
lar features of the physical layer for the two types of nodes,such as
transmission and reception of signals on the wireless channel. The
LtePhyclass has in its private fields twostaticcounters, one for the
frame index and another for the subframe index within the current
frame. They are incremented every time a new frame/subframeis
started, a functionality that is implemented by theEnbLtePhyclass,
methodsStartFrameandStartSubFrame, since it is up to the eNB
to decide when to start the new frame/subframe. In a multi-cell sce-
nario there are many eNBs, each with its ownEnbLtePhy, and all
these counters need to be incremented. Therefore, two possible so-
lutions are available: either only an eNB increments those counters
or each one of them has its own counter and increments it indepen-
dently. In our implementation we have chosen the latter, thus each
eNB has its private view of the time index. In our implementation,
they are all synchronized, hence they start each (sub)frameat the
same time, but this implementation choice does not prevent further
more realistic extensions where the eNBs are non-synchronized.

4.2 Downlink spectrum sharing
Regarding the implementation of the inter-cell downlink spectrum
sharing, several modifications to the base model have been writ-
ten. First of all, we made eNBs aware of the additional subchan-
nels they can use for downlink resource allocation. The original
implementation assigns to eachEnbLtePhyandUeLtePhya vector
of subchannels which represents the available resources they can
use. In our implementation we have associated to each node an
extended vector containing not only the subchannels originally as-
signed to it, but also those that the other eNBs are willing toshare
(calculated as a percentage of the original spectrum size) together
with the subchannel priority access information. This vector is the
set of frequencies that is actually used by the resource allocator of
the eNB. The way it is used depends on the scheduling and allo-
cation policy implemented. In particular, to customize these func-
tionalities, it is sufficient to write a new class which extends the
PacketSchedulerclass, thereby inheriting its methods, and to over-
ride the methodDoRunPacketScheduler, i.e., the routine called at
the beginning of each subframe when a new set of packets must be
selected for transmission.

Figure 4: Sequence diagram for allocation conflict resolution

As a further point, we have implemented the communication and
trading mechanisms among the eNBs for the sharing of the com-
mon pool. Each eNB calculates its allocation map independently,
according to an internal scheduling and resource allocation policy.
Then, a virtual entity has been introduced to implement the ex-
change of the maps and the resolution of the conflicts. In a real sys-
tem, this phase requires that the eNBs communicate (e.g., through
a backhaul) and agree on a final allocation map to which all of
them must adhere. This virtual entity is an object defined as an
instance of the classVirtualMarket; at the beginning of each sub-
frame, it receives the resource allocation maps proposed byall the
eNBs (competitors) and decides the final map according to some
policy. Developers can implement whatever policy they need, by
just modifying that class or extending it and overriding themethod
that deals with contention resolution, i.e.,GetAllocationMap. The
VirtualMarkethas a collection of eNB entities, which can commu-
nicate with it through its public interface. In Figure 4 an example of
such a communication is shown by means of a sequence diagram,
which is also able to catch the temporal dimension of the activity.
The particular communication protocol shown is the one described
in the previous section for conflict resolution. An iteration is shown
since every time a competitor cannot use a subchannel for some
UEs (i.e., it loses the contention), it is invited to reschedule those
UEs on other free resources (if any).

5. SIMULATION SCENARIO
In order to test the software architecture that we have implemented,
and to validate the sample sharing algorithm proposed, we have run
some simulations. The aim of this phase is not to test the perfor-
mance of the algorithm itself since, as already said, the focus of
this paper is on the architectural extension of the simulator. The
algorithm that we have implemented is meant to be just an example
to show how things work, so it is not expected to be the optimalso-
lution. We are more interested in the performance and the usability
of the simulator itself. In the following we present the results of a
simulation campaign conducted with the extended frameworkfor
spectrum sharing in ns-3.
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Figure 5: Deployment of the UEs around the eNB

CQI Modulation ECR Spectral Efficiency TB
1 QPSK 0.0762 0.15 24
2 QPSK 0.1172 0.23 40
3 QPSK 0.1885 0.38 60
4 QPSK 0.3008 0.6 100
5 QPSK 0.4385 0.88 144
6 QPSK 0.5879 1.18 196
7 16QAM 0.3691 1.48 248
8 16QAM 0.4785 1.91 322
9 16QAM 0.6016 2.41 402
10 64QAM 0.4551 2.73 452
11 64QAM 0.5537 3.32 554
12 64QAM 0.6504 3.9 654
13 64QAM 0.7539 4.52 756
14 64QAM 0.8525 5.12 856
15 64QAM 0.9258 5.55 936

Table 1: LTE MCS

The scenario consists of two eNBs positioned in the same field,
both with a coverage of 1500 m. An increasing number of UEs,
characterized by low mobility, are registered to each station, and
are uniformly distributed within the associated eNB coverage area.
Figure 5 depicts an example of user distribution resulting after the
execution of a simulation run with 22 UEs.

As mentioned in the previous sections, each user perceives adiffer-
ent quality of the channel according to its position and other minor
factors. Hence, an ideal channel is established between theUE and
the eNB, used for the transmission of the CQIs associated to each
RB. In fact, thanks to this information, the eNB can select anade-
quate Modulation and Coding Scheme (MCS). As reported in Table
1, LTE technology provides 15 different option schemes [2],where
ECR stands for Effective Code Rate, and represents the robustness
of the selected coding scheme. Hence, each MCS determines the
transport block (TB) size that results from

TBCQI =
RBsubcarriers · RBOFDMsymbols ·ECRCQI

TTI
, (3)

whereRBsubcarriers, RBOFDMsymbols, andTTI , that represent
the number of subcarriers per RB, the number of OFDM symbols
per RB, and the scheduling time respectively, are provided in Table
2, together with the main system parameters.

Parameter Value
Center Frequency 2.0 GHz

Channel Bandwidth 10 MHz
Subcarrier Bandwidth 15 kHz

Doppler frequency 200 Hz
RBbandwidth 180 kHz
RBsubcarriers 12

RBOFDMsymbols 14
eNodeB TX power 43 dBm

Noise figure (F) 2.5
Noise spectral density (N0) −174 dBm/Hz

Macroscopic pathloss 128.1 + (37.6 · log
10
(R)) dB

Shadow fading log-normal (µ = 0, σ = 8 dB)
Multipath Jakes model

Wall penetration loss 10 dB
Simulated interval 2000 subframes

Frame duration 10 ms

TTI 1 ms

Table 2: Main system parameters

The simulation campaign is executed to investigate the reliability
of the proposed framework, in terms of theoretical capacity, aggre-
gate throughput, and simulation time. In fact, as will be extensively
detailed in Section 6, the system performance behavior follows the
trend that we expected: on the one hand, increasing the number of
UEs in the system corresponds to a throughput increase, while on
the other hand increasing the sharing percentage induces a smooth
decrease of the system throughput, according to the simple conflict
resolution approach implemented. More specifically, the perfor-
mance metrics taken into consideration are:
—Shannon Capacity, which represents the maximum theoretical
throughput in communication systems. It is defined as the maxi-
mum of the mutual information between the input and the output
of the channel, and is given by

C = B · log
2
(1 + SNR). (4)

—System Throughput, which represents the aggregation of the
data rates delivered to all UEs, and is computed as

T =

∑N

i=1
TBRBi

TTI
, (5)

whereTBRBi
represents the transport block size referred to theith

RB, andN is the total number of RBs available in the system.
—Simulation time, which represents the execution time of each
set of simulation runs. As expected, it grows with the numberof
UEs and with the sharing percentage because of the higher com-
putational complexity needed to process a larger number of opera-
tions. The reference machine is a desktop computer with a Pentium
4 CPU, 1 GB RAM and running GNU/Linux Ubuntu 10.04 as the
operating system.

6. NUMERICAL RESULTS
Figures 6–7 show the performance in terms of capacity and through-
put achieved by each cell when themax throughputallocation is
used. As expected, the actual throughput value is significantly
below the channel capacity, which represents the theoretical limit
achievable with such a channel condition. The actual amountof
data transmitted depends on the ECR and is upper bounded by
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the Shannon capacity. However, the behavior of both capacity
and throughput as functions of the sharing percentage for different
numbers of users is qualitatively similar, meaning that they differ
only by a scaling factor due to the use of real coding and modula-
tion schemes. A first conclusion that might be drawn from these
figures is that, if spectrum sharing is performed in acompetitive
manner, there is no gain for the operators in sharing their frequen-
cies. In fact, the higher the sharing percentage, the more likely the
resource conflicts. Due to the lack of collaboration among the op-
erators, they simply try to get the best frequencies, whereas other
less appealing resources are wasted. This is a typical phenomenon
of non cooperativegame theory, i.e., an inefficient Nash equilib-
rium as a result of the selfishness of the players [17]. The situation
is made worse by the constraint that the private subchannelsof one
eNB cannot be accessed by the other eNBs, and so some resources
might be unsed. These are the main reasons for the convexity of
the curves: the presence of a minimum for a 50% sharing indicates
the situation of maximum waste. Although the focus of this paper
is just on the software framework, we see as a promising extension
the identification of efficient game theoretic strategies for inducing
the operators to achieve acollaborativesharing, thus improving the
allocation efficiency. The modularity of our software allows for a
prompt insertion of such strategies.
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Figure 8: Cell capacity of thefairness allocation
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Figure 9: Cell throughput of the fairness allocation

Another important intuition that can be gained from those figures
is that both performance indices increase with the number ofusers.
This is an effect of the increased multiuser diversity: the greater
the number of UEs, the higher the probability that for each sub-
channel there is at least one of them with a good CQI. However,
this increase is significant only when the number of users is low.
When more users are in the system, the marginal improvement due
to multiuser diversity becomes lower since for almost all the sub-
channels there is a user with good CQI. Thus, the curves seem to
saturate around18 users.

To sum up, the results validate the reliability of our model in spite
of an inefficient sharing policy, that was not the scope of this paper.
Thanks to the modularity introduced, the contention technique can
be adapted to different needs, and in particular to pursue a coopera-
tive sharing, where system capacity and throughput increase when
the spectrum sharing percentage becomes higher.

Our framework also enables a comparative analysis among differ-
ent allocation approaches. Therefore, we can compare themax
throughputallocation with the other approach, i.e., thefairness
allocation, that aims at scheduling all the users, not just the best
ones. As expected, applying a fair scheduling scheme results in
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Figure 10: Simulation time

a decrease of the system throughput. This is shown in Figures8
and 9, where it can be noted that the aggregate data rates obtained
are roughly halved with respect to themax throughputapproach.
Moreover, it is highlighted that in thefairnessallocation both per-
formance indices do not always improve when the number of users
increases. In fact, when the number of users is increased, the fair-
ness constraint is harder to satisfy and may actually lead toan over-
all decrease of the system capacity and throughput.

Finally, the execution time resulting from a wide range of simula-
tions is analyzed. As shown in Figure 10, the obvious complexity
increase with respect to the increase of the number of UEs andspec-
trum sharing percentage is reflected in the graphs. A higher number
of UEs requires more memory and computational resources to store
and manage all those objects and thus a higher execution time. On
the other hand, a greater number of shared resources impliesmore
contention and thus more iterations of the conflict resolution al-
gorithm. Execution times also increase for higher sharing,since
the simulator has a higher number of degrees of freedom. More-
over, we remark that the tracing option was enabled in order to log
the performance indices and calculate statistics. Disk accesses are
quite time consuming and can slow down the execution by more
than 10 times the normal duration. However, in spite of all these
points, the computational complexity scales almost linearly with
the number of users, and can thus be considered acceptable for re-
alistic and detailed simulation campaigns.

7. CONCLUSIONS
In this paper we outlined and evaluated a framework for spectrum
sharing mechanisms within an LTE implementation of ns-3. The
resulting software has been thoroughly tested to evaluate its cor-
rectness and reliability in achieving spectrum sharing functionali-
ties. The results have been satisfactory under all aspects,showing
that our proposed extension can serve as a concrete tool to evaluate
resource sharing mechanisms in next generation wireless networks.

Future work involves the implementation and exploration ofnon-
orthogonalsharing mechanisms, where multiple players are allowed
to operate on the shared frequencies. Such an extension implies
also the introduction of power control mechanisms to harmonize
the transmission among different sources. Finally, submission of
the developed software for official release in ns-3 is also planned
for the near future.
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