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ABSTRACT

The evolution of wireless communications is bringing into
reality the dense deployment of femto and local area cells,
which represents a challenging scenario for proving the ef-
fectiveness of Cognitive Radio (CR) frameworks. In par-
ticular the Dynamic Spectrum Allocation (DSA) paradigm
aims at solving the resource allocation problem in a fully au-
tonomous way. While in both CR and standardization lot of
effort has been spent in developing efficient DSA algorithms,
their research-oriented software radio implementation is still
disregarded. In this paper, the design approach used for the
definition of a CR-based, local area-oriented testbed platform
is introduced. In particular, the testbed design in relation to
the selected scenario and the architecture of the developed
software framework are presented. An analysis of the perfor-
mance of key software functionalities is also provided: pre-
liminary results show a computational load compatible with
nowadays Commercial-Off-The-Shelf computers.

1. INTRODUCTION

The wireless communication standards of future generation
(e.g. International Mobile Telecommunications-Advanced,
IMT-A [1]) aim at increasing the transfer data rate at the user
end. In order to achieve this goal, advanced techniques such
as multiple antennas transmission are adopted and a wide
channel bandwidth is required. In addition, standards such
as the Long Term Evolution - Advanced (LTE-A), consider
the deployment of femtocells in local area as a necessary so-
lution to boost the network capacity. The assignment of wide
frequency bandwidths, may lead to operative communication
scenarios where the operators are forced to share the same
portion of spectrum; the possible uncoordinated deployment
of femtocells is an additional factor that is expected to in-
crease the complexity of the interference scenario. The up-
coming challenge is therefore to provide solutions for the
dynamic sharing of frequency resources among interfering
nodes in the network.

The Cognitive Radio (CR) [2] concept features the acqui-
sition of knowledge about the surrounding environment in
order to optimize and reconfigure the main communication
parameters. There is great interest in applying the Cogni-
tive Radio concept to the development of Dynamic Spectrum
Allocation (DSA) algorithms, which enable an autonomous
allocation process of channel resources on a cognitive device.
Example of application of such concepts can be found in [3],
where an approach based on Game Theory is applied to the
distributed spectrum sharing problem.

Other recent contributions in literature, faced the prob-
lem of interference management in a spectrally overcrowded
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deployment: validation studies of these theoretical propos-
als typically rely on Monte Carlo simulations. A challeng-
ing research area is then related to the real-world implemen-
tation of CR theoretical concepts: Software Defined Radio
(SDR) is considered the enabling technology for CR design
given the possibility of implementing systems that are com-
pletely configurable in software. A popular example of SDR
framework is GNU Radio [4], a component-based develop-
ment toolkit, particularly suited for the realization of Physi-
cal (PHY) layer transceiver chains.

Since the practical implementation of CR concepts on
real-world platforms, is often affected by several software
and hardware limitations, the efficient design of SDR-based
testbeds is currently a topic under investigation.

Most of current work on CR SDR-based testbeds ad-
dresses the problem of opportunistic usage of the available
spectrum; specific topics such as the exploitation of TV va-
cant channels and the creation of ad-hoc networks are of
major interest. Great effort has also been spent in the de-
sign and implementation of high-performance and standard-
inspired PHY architectures. OpenAirlnterface [5] for exam-
ple, is a software-based platform aiming to support the LTE
air-interface, Iris [6] instead, is another software radio plat-
form that features runtime reconfigurability and support for
multiple hardware solutions.

The goal of this paper is to present the authors’ approach
in the design of a SDR-based testbed able to provide valida-
tion and experimentation support for CR-based algorithms.
Particular attention is given to the local area/femtocell de-
ployment scenario and to the coordination issues among
nodes in the network. Existing SDR system such as GNU Ra-
dio, provide support mostly limited to the PHY layer, other
optimized platforms have limited reconfigurability capabili-
ties while Iris code is not yet available to external developers.
All these considerations lead to the development of an in-
dipendent solution. The possibility of developing real world
implementations of CR algorithms over the testbed platform,
significantly contributes to their Proof-Of-Concept and fur-
ther optimization. An easily reconfigurable and deployable
SDR-based testbed moreover, represents a practical solution
for local area/femtocell scenarios.

The paper is structured as follows: Section II introduces
the features of the testbed platform to be implemented in re-
lation to the selected scenario, Section III illustrates the ar-
chitecture of the developed software framework; Section IV
describes how the technical challenges given by the required
features are addressed in the system design, Section V dis-
cusses the software performance providing computation re-
sults. Section VI finally provides comments and conclusions
with future work plans.
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2. TESTBED DEFINITION

The design of the testbed aims at providing adequate sup-
port for the experimentation of cognitive principles in femto-
cell deployment. The work carried on in the project SAMU-
RAI [7] provided initial inspiration and scenario references;
in particular the scenario individuated in [8] is considered.
In this paper the authors propose an algorithm for the au-
tonomous management of interference among the nodes in
a LTE-A network. The main features of the testbed, are the
support for multiple Component Carriers (CCs), an Orthog-
onal Frequency Division Multiplexing (OFDM)-based air-
interface and Time Division Duplexing (TDD) connection
among network entities. The goal of the testbed is to prove
the effectiveness of the selected DSA algorithms in a chal-
lenging scenario, therefore a situation of overcrowded spec-
trum is considered as a basic design requirement. The testbed
network is composed by a number of nodes acting as Access
Points (APs) or femtocell Base Stations (BSs) and an equal
number of associated User Equipment (UEs) devices; each
AP is able to communicate with the other APs in the network
through a Cognitive Pilot Channel (CPC) [9]. Figure 1 shows
the connections between the testbed devices.

The available spectrum in the system is divided in a num-
ber of CCs that the APs may allocate for the communication
with the UEs. The number of APs in the network is chosen
accordingly to the number of CCs, in order to determine a
resource competition scenario among the APs. The alloca-
tion process of the CCs is triggered by the AP traffic require-
ments and is performed accordingly to the DSA algorithm
executing on the network nodes. The TDD link provides
the connection between the AP and the UE, and can also
be exploited in the cognitive process for sensing purposes:
measurements collection from the UE can provide the AP in-
formation about the link channel quality and the presence of
interferers, thus impacting the CC allocation decision. The
CPC moreover, is used for exchanging informations among
the APs, thus enabling the final decision on the spectrum al-
location.

The cognitive femtocell scenario exposes two main de-
sign challenges to the practical realization on an SDR-based
testbed. A first design consideration is given by the neces-
sity of carrying information data over channels which are
characterized by a multiple CCs structure: the Radio Fre-
quency (RF) front end is required to support a suitable fre-
quency bandwidth and the OFDM-based PHY layer should
be able to manage it properly. Secondly, the testbed aims
at providing a CPC that may not benefit the support of
a backhaul link: the implementation of an Over-The-Air-
Communication (OTAC) control channel is a topic that raised
interest also in the LTE-A standardization process [10].

3. SOFTWARE ARCHITECTURE

An SDR-based implementation well suits the previously de-
fined testbed scenario: a typical SDR configuration features
an RF-capable device which can be completely configured
and controlled via software by an host PC, thus meeting the
flexibility requirements of a practical experimentation. The
proper realization of an SDR-based testbed is highly depen-
dent to the selected software architecture.

In this paper the developed architecture takes into ac-
count the following concepts:
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Figure 1: Testbed Network.

o Testbed purposes: experimentation and optimization ac-
tivities require complete access to system parameters at
every level of the protocol stack.

e Real-world context: the software architecture must be
able to handle multiple parallel tasks which may run
asynchronously.

e Runtime reconfiguration of parameters: allows to handle
dynamic testbed scenarios.

e Platform development: support for the development of
additional testbed functionalities.

In order to achieve the desired level of parallelism and
reconfigurability that a real-world development platform re-
quires, the implemented software features an object-oriented,
modular, multithreaded architecture. The main idea is to
develop specific tasks in independent functional modules,
and group coherent modules in more complex subsystems:
these components can be then assembled in order to ob-
tain the complete set of functionalities of a communica-
tion node. A proper management of shared memory, im-
plementation of inter-module interfaces and organization
of threads of execution, are the fundamental activities en-
abling the software concept realization. Figure 2 depicts the
software architecture, highlighting the modular implementa-
tion; a PHY communication chain, Medium-Access-Control
(MAC) functionalities and the Cognitive Algorithm (CA) are
implemented as indipendent subsystems. The connections
between system components are organized according to a
hyerarchical structure, as depicted in Figure 3; every mod-
ule features input/output interfaces that provide the commu-
nication means with other modules; each subsystem is able
to manage the interfaces of its inner modules, establishing
connections with other subsystems. The inter-module inter-
faces are designed following specific software patterns, as for
example publish/subscribe [11], which target a component-
based realization of the system.

The hierarchical architecture of the system also applies
to the thread generation and execution: a first-level process
generates the main threads of execution for each subsystem,
which then internally manages its module-specific threads.
The aim is to have a centralized management of the system
during runtime, also enabling reconfiguration.
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Figure 2: Architecture of the testbed software framework

In order to better support a modular and multithreaded
architecture, all the software components have been written
in object-oriented C++ programming language. The choice
of C++ is due to several reasons: suitability of the code for
real-time processing purposes in comparison to other object-
oriented languages, availability of libraries for multithread-
ing support, compatibility with the drivers required to inter-
face with the hardware and the possibility of adopting a Test-
Driven-Development methodology which exploits the mod-
ularity of the code for advanced software testing purposes.
C++ libraries also allow easy interfacing with Linux OS sys-
tem, thus enabling a complete control over the testbed from
user-space applications.

Parallel threads execution requires proper synchroniza-
tion and specific solutions for data exchange. Given the pro-
posed component-based and modular design, each module
can potentially execute independently: in order to ensure
proper data exchange, synchronization elements such as mu-
texes and events, have been embedded into the interface ob-
jects shared by the modules. The software exploits the op-
timized Poco C++ libraries [12] for thread synchronization
and memory management purposes. The interface with the
SDR hardware is enabled by the usage of the Universal Hard-
ware Driver (UHD), recently developed by Ettus Research
[13] and mainly conceived to operate with the Universal Soft-
ware Radio Peripheral (USRP) series boards also developed
by Ettus. The UHD exploits an UDP-based connection to
send and retrieve data from the hardware. A very interesting
feature of the UHD is the metadata payload that is attached
to the data transferred between the board and the host com-
puter: the metadata field allows to specify time-related set-
tings which provide precise information on the transmission
and reception time of the samples. This feature is foreseen to
enable greater flexibility for the data flow control also when
operating in the OS user space.

One of the greatest concerns related to the software real-
ization of a wireless transceiver, is the computational burden
of the implemented features. In particular, the execution of
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Figure 3: Components Hierarchy and Communication

PHY layer tasks, such as (I)FFT and symbol/frame synchro-
nization routines, as user-space processes, is significantly re-
source consuming and poses severe limitations to the real-
time execution of the code. High data rate transmission is
however not the major focus in a testbed conceived for the
experimentation with DSA algorithms; the main goal is in-
stead to provide network-wide reconfigurability and ensure a
proper interference scenario among the nodes. The software
design choice has been therefore to favor a more flexible and
easily reconfigurable user-space implementation, rather than
boost the real-time features which may require to run tasks
in the OS kernel space or directly on the hardware [15].

Latest generation General Purpose Processors (GPPs) on
host computers feature multiple cores and threading tech-
niques able to dynamically share the computation load; a
multithreaded application in comparison to single-threaded
can greatly exploit this advanced hardware features, thus
achieving increased performance. Modularization of the
code aims also at improving the setting of threading prior-
ities according to the functional task: optimal priority man-
agement is required in order to regulate the execution of a
high number of threads on the GPP.

4. SYSTEM DESIGN

The developed testbed relies on SDR-based systems for the
implementation of the network nodes. The main require-
ments of the SDR hardware involve flexibility of the RF
front-end, software configurability, compatibility with the
host and a local area deployment. Ettus USRP version 2
(USRP2) is one of the most popular SDR platform used
for CR implementation purposes and seems to fulfill all the
requirements. All the nodes in the testbed exploit USRP2
boards equipped with Ettus XCVR 2450 daughterboards as
RF front end.

The USRP2 choice allows the deployment of a high num-
ber of nodes thanks to the compact hardware solution and af-
fordable costs; the featured Gigabit Ethernet connection en-
sures great compatibility with modern host-computers and
enables flexible testbed deployment in indoor area as proved
in the Virginia Tech CORNET testbed [14]. The compati-
bility with a wide set of daughterboards with different RF
capabilities, ensures further potential improvements of the
testbed.

The first testbed design challenge is the definition of
transmission channel parameters and CCs structure: practi-
cal experimentations with the hardware suggested to define
3 CCs in the available RF channel bandwidth. Assuming
that a single (I)FFT process is used for generating/retrieving
the time samples, it is possible to access one or more CCs
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by simply allocating the data over a portion of the (DFFT
bins. The choice of OFDM as air interface is mainly driven
by two considerations: the modern wireless communication
standards inspiring the testbed (e.g. LTE-A), feature OFDM
given its flexibility as well as its multipath mitigation capa-
bilities; in addition, the OFDM frequency granularity may al-
low the coexistence of information related to different nodes
on the same CC. For example node-specific pilot patterns can
be implemented and exploited for measurements and node
identification purposes.

Another critical aspect in the testbed realization is the
design of the CPC. The aim is to support an OTAC con-
trol channel enabling the execution of coordinated algorithms
which do not rely on a wired backhaul link. In order to fit the
TDD frame structure, the control data are time multiplexed
in pre-allocated CPC frames; the adopted solution is depicted
in Figure 4, which shows the CPC slot included in the TDD
frame featuring Downlink (DL) and Uplink (UL) slots. This
OTAC implementation implies that the APs must achieve an
inter-AP synchronization in addition to the AP-to-UE syn-
chronization. A practical solution to the problem is the def-
inition of a global time reference provided by a master node
in the network; the master node generates a frame preamble
which is known by all the nodes in the network and there-
fore can be used as a reference for the frame synchronization.
Another option for the transmission over the CPC is to allow
unsynchronized access by implementing a slotted ALOHA
protocol.

All the design solutions such as (I)FFT based transmis-
sion, TDD framing and system synchronization, have been
implemented as specific software tasks and integrated in
properly defined functional modules according to the pro-
posed software architecture. The concurrent execution of
multiple modules comes at the cost of computational tasks
that need to run with a high degree of parallelism and strict
latency constraints. The performance of the designed system
is therefore highly dependent on the characteristic of the host
General Purpose Processor (GPP) and on how the software
modules exploit the available resources.

5. SOFTWARE ANALYSIS

In order to ensure the proper execution of the implemented
solutions, it is extremely important to analyze the behavior
of the software modules during the execution on the host
computer. In particular, an evaluation of the computational
load on multi-core machines allows to individuate possible
optimization areas. Computational load tests have been per-
formed on the testbed host computers which feature Ubuntu
10.10 OS and multi-core processors. The host computers
considered are equipped with Intel Core 17 740Q 1,73GHz
and Intel CoreDuo Quad Q9100 2,26GHz processors; even
though both processor are quad-cores, the Intel i7 features

Table 1: PHY parameters

Frame Size 50 TTI + Preamble
FFT-size 256
Cyclic Prefix length 48
Nr. Time Symbols 13
Tx Rate 10MS/s
Modulation QPSK
Coding Convolutional 1/3
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Figure 5: CPU resources occupation analysis

the Intel ® Hyper-Threading Technology which allows to op-
erate over 8 logic cores, enhancing the parallelism opportu-
nities.

The selected software functionalities for the analysis, are
related to the PHY layer tasks at the transmitter and receiver;
the initial Primary CC selection presented in [8] has also been
analyzed in order to obtain an estimate of the computational
impact of basic cognitive tasks. The results for each func-
tional module, in terms of total CPU resources occupation
percentage, are presented in Figure 5.

The PHY transmitter (tx) features data generation, cod-
ing and modulation according to the parameters in Table 1;
the same communication parameters are used at the PHY
(rx), which instead includes synchronization, detection and
de-modulation/decoding tasks. The PHY layer processing
has been disjointly analyzed from the hardware interfacing
tasks (HWI (tx and rx)) which are mainly related to the trans-
fer of the data samples between the host and the USRP2
boards. The implemented cognitive algorithm features in-
terference measurements at the nodes and exchange of infor-
mation about CCs allocation, on the control channel. The
cognitive decision process is based on such data and proven
to have a negligible computational burden for a low number
of nodes in the network; numerical results have therefore not
been included in the histogram.

Figure 6 provides results in terms of average concurrency
of the modules threads on the processors. A value of 2 means
that during the execution time, the is an average value of 2
threads concurrently occupying resources on the processor’s
cores.

The obtained results provide several design indications
for the testbed: firstly, the considered CR algorithmic func-
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Figure 6: Average thread concurrency during execution

tionalities do not pose severe computation constraints, while
the PHY layer tasks impact is considerably heavier, with a
relevant computational burden especially at the receiver side.
The resource occupation on the Core Duo is more critical
than on the Core i7, mainly due to the fact that the Hyper-
Threading technology allows to almost double the available
resources with the same amount of physical cores. Although
in a TDD system the TX and RX tasks are most of the
time not concurrent, the system execution on the Core Duo
hosts requires further optimizations. The threads concur-
rency analysis finally, shows that the implemented modules
do not fully exploit the parallelism capabilities of the proces-
sor; the target thread concurrency should be indeed close to
the number of logic cores (e.g. 4 or 8). Although the Core i7
hosts provide satisfactory performance with the PHY layer
and the cognitive algorithm, the execution of the system also
needs to consider the implementation of MAC layer proto-
cols that produce additional load on the host GPP.

6. CONCLUSIONS

In this paper a design approach for the realization of a CR
testbed platform has been proposed; the main goal is the ex-
perimentation with DSA algorithms in femtocell deployment
scenarios. The development of a modular and multithreaded
software framework has been individuated as a suitable so-
lution for achieving the testbed goals in terms of flexibility
and reconfigurability of the platform, in the selected oper-
ative context. Preliminary computational load results pre-
sented in this paper, allow to identify the PHY receiver as
one of the most critic system functionalities and highlight
the greater suitability for the system of processors featuring
high level multi-threading capabilities such as Intel Core i7.
Thread Concurrency results suggest to improve the thread-
ing management in order to fully exploit the computational
resources. Future work will also include the implementation
of additional testbed modules able to support increased com-
plexity at MAC layer and feasibility studies of system execu-
tion on dual-core processor with Hyper-Threading technol-

ogy.
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