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Abstract—The proliferation of new wireless communication
technologies and services led to a boost in the number of different
available communication standards and spectrum usage. As the
electromagnetic spectrum is a finite resource, concerns about its
efficient management became an important aspect. Given this sce-
nario, Cognitive Radio emerged as a solution for future wireless
communication devices, by supporting multiple standards and
improving spectrum utilization through opportunistic wireless
access. The purpose of this research is to study and design
a reconfigurable FPGA-based NC-OFDM baseband processor
meeting the requirements of next generation Cognitive Radio
devices in terms of multi-carrier, multi-standard communications
and spectral agility in changing environments. The processor will
be the core of a flexible NC-OFDM transceiver for future 5G
communications with support for spectrum aggregation and run-
time selection of modulation schemes and active sub-carriers.
The goal is to achieve higher levels of system adaptability,
upgradeability and efficiency, by employing dynamic partial
reconfiguration of FPGAs.

Keywords—Cognitive Radio, NC-OFDM, Dynamic Spectrum
Aggregation, FPGA, Dynamic Partial Reconfiguration (DPR)

I. INTRODUCTION

The wireless communications technology field is constantly
experiencing developments leading to the creation of new
modes of operation and services for mobile devices. The ever
increasing number of different applications provided drove the
development of different standards and protocols for Wireless
Communication systems. It is not expected that the emergence
of new standards will stop soon, and organizations such as the
IEEE or the ITU have played a major role in standardizing
wireless access systems. Consequently, it is important that
communication devices are able to handle such a wide variety
of the existing wireless communication standards.

On the other hand, wireless technologies make use of the
electromagnetic spectrum, which is a natural, finite resource
and whose utilization is supervised and licensed by national
governments. The proliferation of new wireless communication
technologies and services caused a boost in spectrum usage,
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creating concerns about the management of this precious
resource. Nevertheless, spectrum access is quite often a more
significant problem than spectrum scarcity. Some portions of
spectrum assigned to licensed users are underutilized and
cannot be accessed by other potential users due to strict regula-
tion [1]. These underutilized spectrum portions are commonly
known as white spaces. Thus, allowing a secondary user (that
is, a user without an assigned band of frequencies) to access
white spaces at the right location and time would improve
spectrum utilization - opportunistic wireless access.

From this analysis, two challenges in wireless communi-
cations were identified: to support multiple standards and to
efficiently use the spectrum. Formulated by Mitola, Software
Defined Radio (SDR) appeared as a solution for handling
the broad variety of available services and protocols, by ex-
tending “the evolution of programmable hardware, increasing
fexibility via increased programmability” [2]. Typically, in an
SDR, operations are controlled by software, but performed by
programmable and reconfigurable hardware. Building upon the
SDR concept, Cognitive Radio (CR) [3] is currently viewed as
a natural approach to face the problem of spectrum utilization.
A CR is an intelligent wireless device able to sense the
surrounding environment, detect temporarily unused spectrum
portions and adapt its internal operation, in order to opportunis-
tically use those spectrum portions, without interfering with
other users. In [4], Haykin emphasizes six concepts which
must be considered in any CR implementation: awareness,
intelligence, learning, adaptivity, reliability and efficiency.
Considering the need to rapidly change operating parameters in
real time due to changing environments (e.g. vehicle-to-vehicle
communications - V2V), CR must also exhibit a high degree of
reconfigurability. This latter feature is directly inherited from
SDRs.

The next generation of wireless communication systems
(5G) aims to significantly improve data rates, energy ef-
ficiency, system capacity and spectrum usage. Due to its
inherent features, CR devices will play a major role in future
wireless communications and their implementation will be
far more complex than that of their predecessors. System
capacity and spectrum usage improvements can be achieved
through dynamic spectrum aggregation. This technique uses
possibly discontinuous frequency bands without interfering
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with primary users, such that the amount of available spectrum
increases. A possible approach for spectrum aggregation is
the aggregation and joint use of component carriers - Carrier
Aggregation (CA) [5]. Regarding baseband processing, non-
contiguous multicarrier modulation schemes have been pro-
posed as convenient approaches. These schemes are spectrally
agile versions of conventional multicarrier modulation tech-
niques, which are able to deactivate subcarriers that would
cause interference with primary wireless transmissions. In
particular, NC-OFDM (Non-Contiguous Orthogonal Frequency
Division Multiplexing) is a promising transmission technique
for opportunistic wireless access [6] and dynamic spectrum
aggregation [7].

The proposed research intends to study and design a recon-
figurable digital hardware infrastructure for a CR transceiver
baseband platform. The novelty of the approach consists in
the exploration of innovative NC-OFDM hardware processing
architectures, dynamic partial reconfiguration of the system
and the run-time capability to select active sub-carriers and
modulation schemes for each sub-band. This will allow fine
grained waveform design in spectrum aggregation scenarios
based on NC-OFDM approaches, while fulfilling robustness,
range, throughput and adaptability requirements. Higher levels
of system adaptability, upgradeability and efficiency can be
achieved by means of dynamic partial reconfiguration of
FPGAs, i.e., by selectively changing portions of the logic
circuit implemented in the logic fabric. Due to its flexibility,
the proposed approach is a good solution for the baseband
processing in All-Digital transceivers, like in [8].

The remainder of this paper is organized as follows: the
next section highlights some related work; Section III discusses
several NC-OFDM implementations challenges; Section IV
presents a general overview of the proposed approach for
a reconfigurable NC-OFDM baseband processor; Section V
describes the status of the current research activities; finally,
Section VI presents some conclusions.

II. RELATED WORK

The use of partial dynamic reconfiguration in embedded
systems has been the object of many research efforts [9] [10].
This design methodology has the potential to increase system’s
flexibility and performance. Particularly, the potential of dy-
namic reconfiguration in CR systems has been recognized, but
most work addresses specific implementation aspects, such as
dynamically reconfigurable FFT [11], modulation and coding
schemes. So far, little attention has been paid to dynamic and
opportunistic spectrum aggregation techniques and implemen-
tations, which is the object of the current propose.

Delahaye et al. [12] showed the applicability of DPR
within SDR heterogeneous platforms. In this work, DPR is
applied to modules responsible for constellation mapping,
convolutional encoding and FIR implementation. In [13], an
extension of a NoC structure to an FPGA is proposed. A
mixed platform composed of ASICs and FPGAs performs the
baseband processing and communicate via a NoC. Channel
coding and mapping in the receiver are implemented in the
FPGA, using DPR. The code rate and constellation mapping
are switched according to channel SNR. This application can
be further extended to other baseband operations, such as FFT
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computation. In [14], modulation and demodulation blocks
of a CR transceiver are dynamically reconfigured in order
to choose a convenient modulation scheme according to the
channel SNR. A configuration controller receives spectrum
sensing information and uses this information to reconfigure
the system. These works consider simple test scenarios in
which the reconfiguration decision is based only on a few
channel features, and focus on the application of dynamic
reconfiguration in few modules, rather than presenting an
integrated solution for reconfigurable flexible CR transceivers.

A proposal for the skeleton of an OFDM-based physical
layer fulfilling baseband processing required by Software
Defined Cognitive Radios is presented by Dutta et al. [15].
Based on that, an FPGA-based implementation is developed.
The context switch required for the adaptation to changing
environment is managed by a message based real-time re-
configuration method. No DPR methods are employed, and
hardware blocks to handle all baseband processing cases are
permanently present in the system. This requires a large
amount of FPGA resources, many of which are unused for
long periods (e.g.: slice utilization reaches 94%, on a Xilinx
Virtex-IV FPGA).

He et al. [16] presented an architecture for baseband pro-
cessing and Digital Front-End in SDR transmitters. This work
focuses on efficient hardware resources utilization by iden-
tifying commonalities between several widely used wireless
standards, and applying Dynamic Reconfiguration techniques
in order to change functionality (Digital Modulation scheme,
FFT size and cyclic prefix length) and clock frequency at
run-time. None of the mentioned works supports spectrum
aggregation.

III. NC-OFDM IMPLEMENTATION CHALLENGES

Mahmoud et al. [17] discuss CR systems, as well as their
physical layer requirements, and concluded that OFDM is
a good candidate for the implementation of such systems.
This multicarrier modulation technique is able to provide high
data rates and, at the same time, has a high potential for
Inter-Symbol Interference (ISI) mitigation in multipath fading
channels. Additionally, OFDM can be efficiently implemented
using FFT/IFFT algorithms and is the base for most recent
communication standards (eg.: IEEE 802.11, IEEE 802.22,
WiMAX, 3GPP-LTE). However, CR transmission environ-
ments will also require a considerable level of spectral agility,
in order to opportunistically access fragmented frequency
bands across the spectrum, without interfering with primary
communications [6]. Classical OFDM approaches are not
enough to fulfil this later requirement.

NC-OFDM has been proposed [18] as a spectral agile
variant of OFDM which allows the deactivation of sub-carriers,
avoiding interferences with primary users transmissions. It
is still able to maintain a high data rate through carrier
aggregation techniques. Considering a fast changing environ-
ment where several standards need to be supported, a set of
fundamental baseband processing operations for NC-OFDM
CR systems was defined in [15]:

e support for transmission/reception in any set of sub-

carriers - dynamic spectrum aggregation;



ability to change modulation schemes at a subcarrier
level;

ability to change FFT/IFFT size to control the number
of transmission subcarriers;

ability to change the cyclic prefix duration according
to the standard operation mode;

existence of a programmable correlator to assist in
preamble based synchronization, at the receiver;

support for channel equalization, by providing infor-
mation about pilot sub-carriers location and phase to
the receiver.

e  ability to handle variable data rates.

Several practical implementation challenges arise from the
requirements previously mentioned. Arguably, dynamic spec-
trum aggregation is a non-trivial concept to implement and will
have a considerable impact on how baseband processing for
NC-OFDM should be designed [7]. In practice, OFDM doesn’t
provide genuinely band-limited signals, because the subcarriers
spectrum is characterized by high-level sidelobes which can
cause interference with the neighbouring licensed user bands.
Thus, deactivating subcarriers by simply turning them off
may not be enough to mitigate narrowband interference (NBI)
with coexisting communications. This will require spectrum
shaping methods to suppress the side lobe power levels and
reduce out-of-band (OOB) interference. In [19], an Optimized
Cancellation Carriers Selection is proposed to achieve higher
OOB power attenuation.

OFDM based systems are highly sensitive to incorrect
symbol timing and carrier frequency offset (CFO). Although
several methods for time and frequency synchronization have
been proposed, it is likely that they are not suitable for
NC-OFDM. In conventional OFDM systems there is a static
allocation scheme where subcarriers are labeled as data, pream-
ble or pilot subcarriers. Preamble subcarriers are used for
synchronization and pilot subcarriers are used for channel
equalization. For dynamic spectrum access environments, the
available sub-carriers for transmission are not always the same.
So, fixing frequency locations for preamble or pilot carriers
could result in interferences with primary users. Several solu-
tions have been proposed to perform synchronization without
prior knowledge of preamble structure [20] or frequencies [21].

Another practical issue inherited from OFDM is the Peak-
to-Average-Power-Ratio (PAPR) problem. OFDM is prone to
have high values for PAPR, which is the ratio between the
maximum instantaneous power and the average power of
a signal. When high, PAPR provokes the signal amplitude
clipping, leading to undesirable signal distortion. Several tech-
niques have been proposed to reduce PAPR in NC-OFDM
systems. In [22] and [23], interleaving and phase adjustment
techniques are adaptively used depending on the PAPR level
detected. Both approaches require some PAPR information to
be sent to the receiver. Another approach [24] is based on tone
reservation and doesn’t need side information at the receiver.

A CR device should have the ability to intelligently and
efficiently adapt its operating characteristics in real-time, while
avoiding interference with primary users and providing a
good quality of service. Cognitive tasks such as spectrum
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sensing or dynamic spectrum access may trigger a context
switch in the device operation. If the CR device reacts too
slowly, interferences with primary users can occur, provoking
a negative impact in network performance. As the first wire-
less standard based on cognitive radio [26], IEEE 802.22™
defines some timing parameters to protect primary users from
interferences. According to this standard [27], an IEEE 802.22
system must be able to detect a primary user signal surpassing
the incumbent detection threshold (IDT) in less than two
seconds - channel detection time (CDT). From the moment an
IEEE 802.22 system detects a primary user signal higher than
IDT, it must vacate the current channel within two seconds -
channel move time (CMT). The aggregate duration of control
transmissions by the IEEE 802.22 device during the CMT
period is constrained to one hundred milliseconds - channel
closing transmission time. CDT and CMT must accommodate
both sensing time and subsequent processing time. These
parameters are a good reference for the reactivity requirements
that the NC-OFDM transceiver baseband processor to be
designed must have.

IV. PROPOSED APPROACH

This research work focuses on a reconfigurable digital
hardware infrastructure for CR transceiver baseband platforms.
The main innovation comes from the integration of dynamic
spectrum aggregation capabilities into a multi-standard plat-
form. From an implementation perspective, the proposed ar-
chitecture intends to achieve resource and energy efficiency
by exploring run-time reconfiguration, hybrid HW/SW struc-
tures, flexible integration and field upgrades of the transceiver
parameters.

FPGAs can be a good hardware platform to implement
such baseband processing engines, since they represent a
good compromise between flexibility, throughput and power
consumption. Moreover, FPGAs promise high levels of adapt-
ability and upgradeability by means of dynamic partial recon-
figuration (DPR). A DPR-based reconfiguration approach has
the potential for “specialization of the computation to the near-
instantaneous needs of the application” [28], which can be
translated into hardware savings and execution overhead re-
duction. Yet, these benefits should be balanced with additional
memory space required to save extra configuration information,
as well as the energy and reconfiguration time overhead.

The impact of latency introduced by DPR is an important
concern in real-time systems like CR. In [29], DPR imple-
mentations were surveyed, considering different approaches
and choices for the external memory, configuration port and
reconfiguration controller. The measured configuration times
ranged from hundreds of milliseconds to hundreds of mi-
croseconds. Based on these measurements and bearing in
mind the IEEE 802.22 requirements mentioned in Section III,
the application of DPR in the context considered in this
PhD project is feasible. The energy consumption overhead
introduced by DPR is not straightforward to evaluate [30].
It depends on the contents of the reconfigurable region and
its previous configuration. However, work reported by Liu et
al. [31] demonstrated the effectiveness of DPR in improving
power consumption in eMIPS: an FPGA-based processor in
which specialized instructions are added by reconfigurable



logic extensions. The authors concluded that DPR can re-
duce either dynamic and static power, as opposed to clock
gating, which reduces only dynamic power. An important
condition to minimize the reconfiguration energy overhead is
the maximization of the reconfiguration speeds. Also, through
the research activities within this PhD project, it is intended
to evaluate to what extent DPR energy overhead affects the
overall system functioning. Apart from latency and energy
concerns, supporting FPGA dynamic partial reconfiguration
remains an architectural challenge, as parts of the circuit logic
need to be modified while the rest of the device is working and
processing data. This imposes physical constraints on layout
and floorplaning during design flow.

An additional source of innovation consists in developing
approaches to effectively mitigate or eliminate the latency
introduced by the reconfiguration process. The configuration
port modules (e.g.: ICAP from Xilinx) and APIs to access them
are usually provided by FPGA vendors. While each device
has a hard limit on the configuration ports performance, the
APIs to access them can be redesigned in order to reduce
reconfiguration times [32]. Other possible approaches to reduce
reconfiguration latency are bitstream compression techniques
and intelligent run-time reconfiguration management (like con-
figuration pre-fetching).

Figure 1 shows the proposed architecture for a recon-
figurable FPGA-based NC-OFDM transceiver baseband pro-
cessor, as well as its relative position within the overall
CR transceiver system. It is possible to identify two imple-
mentation domains within the FPGA: Management Unit and
Dynamically Reconfigurable NC-OFDM datapath.

The Dynamically Reconfigurable NC-OFDM datapath
comprises modules responsible for typical OFDM baseband
processing operations, such as IFFT/FFT, (de)modulation, syn-
chronization and channel estimation. Additional modules for
spectrum aggregation and shaping are also targeted. Depending
on the environment conditions and communication standard in
use, the operation of some modules needs to be changed in
an adaptive way. A modular approach that allows for easier
upgrades, code reuse and real-time on-line adaptability must
be adopted in this implementation domain. The success of DPR
techniques relies on a convenient system partition and gran-
ularity level. As the focus of this research is the adoption of
reconfigurable architectures for NC-OFDM baseband proces-
sors, it is important to analyse the datapath modules, identify
existing algorithms for each of them, select and adapt those
algorithms that are suitable for DPR-based implementation. It
is also important to study baseband operation parameters and
their commonalities across different standards. The interactions
between different modules also require some attention. This
behavioural analysis will be the base to decide which modules
would benefit from DPR, and which variations on operation
parameters should trigger module reconfigurations.

As mentioned in Section I, carrier aggregation (CA) is a
technique with the potential to increase system’s capacity and
enhance spectrum usage. LTE-Advanced standard considers
two types of CA techniques [33]: contiguous CA and non-
contiguous CA. The implementation of contiguous CA does
not require deep changes in the transceiver physical layer
(PHY). On the other hand, for non-contiguous CA, a multidi-
mensional PHY is needed [34]. The proposed approach intends
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to explore a DPR-based architecture composed of tilled PHY
blocks which are turned on/off according to the communication
demands. Here, the multiplicity of PHY block is constrained
by FPGA available resources and power consumption require-
ments. Moreover, it is necessary to carefully handle the parallel
execution of several PHY instantiations in real-time.

The Management Unit is responsible for controlling and
adapting the baseband operation according to the commu-
nication scenario. The context awareness is built upon the
information about spectrum utilization and communication
characteristics provided by system upper layers. Reconfigu-
ration may occur at different communication stages [35]. For
instance, it can be at the beginning of a communication session,
if the communication parameters are different from the ones
used in a previous session; or it can be during a session, due
to communication requirements change triggered by changes
in communication. In the later case, reconfiguration times
must be very short and data may need to be buffered while
configuration takes place. These aspects must be considered
by the Management Unit, in order to handle the datapath
reconfiguration intelligently, mitigating the impact of recon-
figuration latency and, thus, improving system’s reactivity to
environmental changes.

As the outcome of this research work, it is expected
that the state of the art will be advanced in the following
points: 1) Design and evaluation of reconfigurable and efficient
NC-OFDM processing architectures enabling data throughputs
compatible with next generation wireless communication sys-
tems; 2) Reduction of the performance impact of reconfigura-
tion times and storage requirements, through intelligent run-
time operation management of the NC-OFDM transceiver. It
is worth mentioning that the focus of this research will be
on the reconfigurable architecture concept rather than on the
implementation details of each individual baseband processing
module. The idea is to design a NC-OFDM baseband pro-
cessing engine supporting spectrum aggregation schemes and
able to dynamically and intelligently reconfigure its operation
in response to communication demands. Obviously, this will
require interventions on baseband processing datapath, where
emphasis will be given to parametrized operations, such as
FFT/IFFT and digital modulation/demodulation.

V. CURRENT STATUS

The research activities are currently in an embrionary
stage. After a literature review and state-of-the-art study, a
conceptual architecture was designed (Figure 1). A preliminary
analysis of the baseband processing operations and most used
wireless standards (such as IEEE 802.11, WiMAX and 3GPP-
LTE) indicated that IFFT/FFT is a good candidate for DPR
application. FFT requirements, such as FFT size and number
of streams, vary across different standards, and also across
operations modes within the same standard. More general stan-
dard aspects, as sampling frequency and data throughput, also
present variation and influence the performance requirements
of baseband operations. Considering these requirements, FFT
algorithms and architectures were studied.

The Cooley-Tukey algorithm [36] provides a good overall
solution to compute the FFT, considering arithmetic and com-
putational efficiency. Most FFT implementations for OFDM



NC-OFDM Baseband Processor

R ) ( h e )
i |
| | FPGA | 3
i |
i Spectrum i 3 3
| Sensing | = i !
3 | spectrum | Management c':r"l'; 3 ;
I . . . I !
3 Comr.num-i 1 Aggregation Unit Manag 3 o 3
| cation ; > | Dlglta| !
i features | ! !
| ; i Front- |
I
i | M-QAM White spaces Transform size, CcpP i End i
i Upper i M-PSK identification # streams duration i !
i |
| layers ; e & |
| i ! i
| ] Digital Spectrum PAPR ) |
i Data OUT | Modulatlon shaping Reduction Insertlon I RF !
| i ! |
! | . ; i Domain |
| ; Dynamically Reconfigurable NC-OFDM Datapath ; 1
i i ! i
| | | |
i L Digital Subcarrier Channel [ CcP Synchroni- | i i
g Data IN i LDemoduIatlon selection Equalization t Removal zation | | ; ]
i |
| 3 | 3
o ) \ J . J

Fig. 1: NC-OFDM baseband processor proposed architecture

applications ( [37], [38], [11]) only cover powers-of-two sizes.
However, with the emergence of wireless communication
protocols such as 3GPP LTE, non-power of two FFT sizes
can also occur (e.g.: 1536-point FFT). Cooley-Tukey Mixed-
Radix FFT algorithms allow the computation of FFTs with
sizes combining powers of different radices.

There are two main kinds of FFT architectures: memory-
based and pipelined. Pipelined architectures [39] [40] have the
ability to handle continuous flows of data, and present a regular
and scalable architecture. So, they are an attractive option for
real-time applications where data arrives continuously and FFT
requirements are prone to vary with time.

In the context of this proposal, preliminary work has
addressed the implementation of FPGA-based FFT processors
for the most used FFT sizes (64-2048/1536-points) in 3G/4G
wireless standards, using a Mixed-Radix-22/2/3 Single-Delay
Feedback approach. Resource utilization after Place and Route
was quantified for every case and it was observed that, in
a changing environment, the use of an FFT processor for
the worst case scenario in every situation leads to resource
inefficiency. The next short-term steps are the exploitation
of DPR techniques to implement an efficient and recon-
figurable FFT processor, power consumption evaluation and
understanding of data flow interactions of the FFT module
within the NC-OFDM processor. Long-term plans include
extending behaviour and implementation analysis to other
baseband datapath modules and the development of efficient
and intelligent strategies for the Management Unit.

VI. CONCLUSION

An architecture for an NC-OFDM processor based on
FPGA was proposed. Baseband processing operation are
implemented on a dynamically reconfigurable datapath. A
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management unit is responsible for the control and dynamic
reconfiguration of the datapath operations, according to the
communication scenario. At this initial work stage, FFT oper-
ation and implementation were studied and opportunities for
employing DPR were identified.

The proposed research aims to meet the requirements
of next generation Cognitive Radio baseband processors, in
terms of multi-carrier, multi-standard communications and
spectral agility in changing environments. Towards this goal
a reconfigurable FPGA-based NC-OFDM baseband processor
will be studied and designed. The main novelties of the
proposed approach are the introduction of dynamic spectrum
aggregation capabilities, and exploitation of dynamic partial
reconfiguration techniques, in order to enable the capability for
designing optimized waveforms on-line, by employing custom
modulations for each sub-band.

The main implementation challenge is related with the
adaptation of NC-OFDM baseband operations to a reconfig-
urable framework whose operation management is done at run-
time in an intelligent way, such that higher levels of system
adaptability, upgradeability and efficiency, by employing dy-
namic partial reconfiguration of FPGAs are achieved.
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