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Abstract

As the demand for sophisticated wireless mobile applications incorporating
e cient modulation techniques is ever increasing, more bandwidth is needed to
support these applications. However, bandwidth is a limited resource. Also, as
the existing spectrum allocation policies of the Federal Communications Com-
mission (FCC) allow spectrum access to licensed users only, it has been proven
by various spectrum measurement campaigns that, the current licensed spectrum
usage across time and frequency is ine cient. Therefore, in order for the unli-
censed users to access the unused portions of the licensed spectrum, the concept
of \spectrum pooling™ has been proposed.

Spectrum pooling is based on dynamic spectrum access (DSA), wherein the
secondary user decides on whether or not a particular frequency band is currently
being used and transmits the signal in that unused licensed band, while ensur-
ing that the system performance of the primary as well as the secondary is not
impacted. Thus, coexistence of the primary and the secondary users is an im-
portant criterion that makes DSA a feasible solution for e cient spectrum usage.
This thesis investigates an important problem concerning the coexistence of the
primary and the secondary users.

Orthogonal frequency division multiplexing (OFDM) has proven to be the
prime candidate for spectrum pooling based wireless transmission systems as it can
support high data rates and is robust to channel impairments. Even though the
secondary transmissions help in improving the spectral e ciency by transmitting
in the spectral white spaces left unused by the primary users, the large sidelobes
resulting from the use of OFDM result in high out-of-band (OOB) radiation. Thus,
the coexistence of the primary and the secondary users in the form of spectrum
sharing is dependant on the suppression of the interference from the rental systems
to the legacy systems. This thesis presents two novel techniques to suppress the



OOB interference from the secondary user to the primary user, while not a ecting
the other system parameters of the secondary user by a great deal.
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Chapter 1
Introduction

1.1 Research Motivation

With the increase in the demand for radio frequency (RF) spectrum, and with
the non-availability of \prime™ spectrum, the expansion of the existing services
or the allocation of spectrum for additional services was an important technical
challenge identi ed by the Federal Communications Commission (FCC). The tra-
ditional spectrum allocation techniques rely on segmenting the available spectrum
and assigning the xed blocks to the licensed users. In such a spectrum allocation
scenario, unlicensed users are not permitted to access the already licensed bands
since strict regulations are imposed on their access. As a result of the prohibi-
tion on the unlicensed access to licensed spectrum, heavily populated and highly
interference-prone frequency bands have to be accessed. Clearly, this results in
reduced system performance.

Moreover, measurement campaigns have shown that such an allocation causes
a waste of the spectrum both in frequency and time [1]. Figure 1.1 shows a

measurement campaign conducted at the Information Technology and Telecom-
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Figure 1.1. Spectrum occupancy measurements from 9 kHz to 1
GHz (8/31/2005, Lawrence, KS, USA).

munications Center (ITTC) on 8/31/2005 [2]. The spectral occupancy from 9
kHz to 1 GHz is shown. From this gure, it is observed that there are several
spectral white spaces in the licensed portions of the spectrum demonstrating that
allocated spectrum is under-utilized. Thus, what was basically thought of, as an
apparent scarcity of spectrum is actually the result of the under-utilization caused
by existing spectrum allocation policies [1]. Hence, the need for a novel spectrum
allocation policy has been identi ed.

The basic objective of the new spectrum allocation policy is the promotion of

secondary utilization of unused portions of the spectrum in the form of spectrum



pooling, wherein, unlicensed users rent licensed portions of the spectrum from
a common pool of spectral resources from di erent owners [3]. This improves
the utilization of the spectral resources while potentially generating additional
revenue to the licensed users. However, the implementation of a spectrum pooling
system raises many technological, economic and political questions, that need
to be answered for the successful coexistence of the legacyland rental systems.
E cient pooling of the radio spectrum is achieved by using a cognitive radio [4],
which is a multi-band, spectrally agile radio that employs exible communication
techniques and detects the presence of primary user transmissions over di erent
spectral ranges to avoid interference to the licensed users.

Orthogonal Frequency Division Multiplexing (OFDM) is a promising candi-
date in the physical layer design of any multi-band, spectrally agile radio, since it
can achieve high data rate communications by collectively utilizing a number of
orthogonally spaced frequency bands which are modulated by many slower data
streams [3]. Moreover, this division of the available spectrum into a number of or-
thogonal subcarriers makes the transmission system robust to multipath channel
fading [5]. Furthermore, it is possible to turn o the subcarriers in the vicinity of
the primary user transmissions, and thus the spectral white spaces can be lled
up e ciently [6].

The focus of this research is OFDM transmission over contiguous and non-
contiguous frequency bands in Dynamic Spectrum Access (DSA) channels. The
basic idea is to improve the system performance of an OFDM-based cognitive

radio by solving an important problem that makes the coexistence of the legacy

LIn this thesis, the terms legacy systems and primary systems are used to refer to the licensed
owners of the RF spectrum whereas the terms rental systems and secondary systems are used
to refer to the users that utilize the idle licensed portions of the spectrum.



and the rental systems a practical solution to the existing under-utilization of the

radio spectrum.

1.2 Research Objective

The problem in question is the interference su ered by the legacy system
that is present in the vicinity of the bands used by the rental system. This is
a result of using OFDM, which is the de-facto multiplexing scheme in most of
the spectrum pooling based cognitive radio systems [3]. As OFDM uses sinc-type
pulses in representing the symbols transmitted over all the subcarriers during
one time instant, the large sidelobes that occur can potentially interfere with the
signal transmissions of the neighboring legacy systems or with the transmissions
of other rental users. Thus, the fundamental objective of this thesis is to develop
algorithms which reduce the interference caused by the secondary user while not
signi cantly a ecting the system performance of the rental user.

Sidelobe suppression in OFDM-based cognitive radio systems is a relatively
unexplored area of research. Even though OFDM-based transceiver systems are
the research focus of many groups at di erent universities all over the world, only a
few sidelobe suppression techniques are available in the technical literature [7{11].
Existing algorithms achieve a signi cant amount of interference suppression at the
cost of transmitting a considerable amount of side information to the receiver or
at the cost of an increased number of computations at the transmitter. Therefore,
it is important to develop algorithms that nd a solution while maintaining the
system complexity at a reasonable minimum and/or with no side information. An
attempt has been made to provide a solution to the problem of interference caused

by the rental user which meets the requirements outlined above. In other words,



algorithms which do not sacri ce system performance and which do not need any
side information to be transmitted have been proposed.
Before moving on to the thesis contributions, a brief introduction to the current

state-of-the-art is provided in the following section.

1.3 Current State-of-the-art

The concepts of spectrum pooling and cognitive radio were rst introduced
in [4]. This paper outlines the basic factors that need to be considered in de-
termining the pooling strategy and in designing the radio etiquette. [12] provides
an understanding and mathematical analysis of the design principles behind the
architecture of a software de ned radio. Other physical design issues such as the
adaptive nature of the transmitter both in selecting the frequency range over wide-
band frequencies, the di erent power levels, and the signal processing involved at
the receiver, which are important aspects in the design of a cognitive radio, have
been discussed at length in [13]. Further insight into the notion of spectrum pool-
ing is provided by another seminal paper by Dr. Timo A. Weiss and Dr. Friedrich
K. Jondral in [3]. Some of the issues pertaining to spectrum pooling that are
detailed in this paper include: detecting a spectrum, collecting and broadcasting
the spectrum access measurements, and mutual interference caused by a rental
system to a legacy system and vice-versa. Mutual interference in OFDM-based
spectrum pooling systems is discussed in greater detail in [7]. This paper also
discusses simple techniques to counter the e ects of mutual interference caused
by the sidelobes of an OFDM symbol in a spectrum pooling scenario.

OFDM-based transceiver systems have been proposed to be the viable solution

for building a spectrum pooling system in [3]. The fundamental advantages of



using OFDM in a spectrum pooling based cognitive radio are: the exibility in

Iling up the spectral gaps left behind by the licensed users in their idle periods,
turning o the subcarriers in the frequency bands used by the licensed users by
transmitting zeros [6] and the inherent frequency sub-banding [14]. Moreover, in
an OFDM-based transceiver, a high data-rate stream is converted to many parallel
slower data substreams. This allows for support to a high data-rate system as well
as being robust to channel impairments.

An important challenge in the physical layer design of an OFDM-based cog-
nitive radio is the interference caused by an unlicensed system to the licensed
systems or other unlicensed systems in the neighboring frequency bands. How-
ever, only a few research groups are focusing on sidelobe suppression resulting from
the OFDM-based rental systems. Some of the algorithms proposed are: sidelobe
suppression by insertion of cancellation carriers [9], wherein a few subcarriers on
either side of the OFDM signal spectrum carry weights calculated using optimiza-
tion and help in sidelobe suppression, by subcarrier weighting [10], wherein the
symbols carried by the subcarriers are weighted using optimization techniques,
and through multiple choice sequences (MCS) [11], wherein the symbol sequence
carried by the subcarriers is mapped to another low sidelobe symbol sequence
calculated by a variety of techniques. However, when the number of subcarriers is
large and when the modulation scheme used is high, using optimization schemes
to calculated the weights of the cancellation carriers and the symbol sequence is
a complex procedure. Also, in the case of using MCS, there is a large amount of
side information to be transmitted to the receiver for proper demodulation, and

hence a reduction in the system throughput.



1.4 Thesis Contributions

This thesis presents the following two novel algorithms for sidelobe suppression

in OFDM-based cognitive radios in a DSA environment:

A cancellation carrier (CC) based algebraic technique which calculates the
interference power level that needs to be minimized at the desired frequency
location. Then, a cancellation carrier is inserted whose amplitude is scaled
in such a way that, it has a sidelobe at the desired frequency location that
nulls the calculated interference. Applying this procedure on both sides of
the OFDM spectrum, a suppression of around 15 dB is achieved when two
cancellation carriers are used on either side of the QPSK-OFDM spectrum

in a 64 subcarrier system.

A constellation expansion based technique, in which each symbol of a par-
ticular constellation space is associated with symbols from a higher order
constellation diagram. This procedure exploits the fact that di erent sym-
bol sequences have di erent sidelobe levels and hence, by associating more
than one point from the higher order constellation space to every symbol
in the original constellation diagram, a particular sequence is selected iter-
atively whose sidelobe power levels are the lowest. Using this procedure, a
suppression of around 10 dB is achieved in a QPSK-OFDM system with 64

subcarriers.

The proposed cancellation carrier technique, does not rely on complex op-
timization procedures and the weights carried by the CCs are calculated alge-
braically. Hence, the complexity of the algorithm does not increase with the num-

ber of subcarriers in the system or with the increase in the order of the modulation



scheme. Similarly, the constellation expansion based approach, does not require
any side information to be transmitted to the receiver, but achieves signi cant

amount of suppression in the sidelobe power levels.

1.5 Thesis Organization

This thesis is organized as follows: Chapter 2 provides a brief introduction to
the concept of a cognitive radio and an overview of some of the basic principles
of an OFDM-based transceiver.

Chapter 3 gives an introduction to the mutual interference caused in a sce-
nario with the coexistence of the the licensed and unlicensed users. Interference
caused by the rental system to a legacy system, which is the focus of this thesis is
explained in detail. Also discussed is the impact of the interference suppression on
the coexistence of the licensed and unlicensed systems. The existing techniques
for reducing this impact are outlined and their shortcomings are listed.

In Chapter 4, the proposed techniques for sidelobe suppression are explained
in detail and the simulation results obtained are presented. A detailed discussion
about the obtained results is also provided.

Finally, in Chapter 5, several conclusions are drawn and directions for future

research are presented.



Chapter 2

OFDM-based Cognitive Radio

This chapter provides an introduction to the concepts of spectrum pooling-
based cognitive radio and orthogonal frequency division multiplexing (OFDM).
The e ciency of an OFDM-based cognitive radio in helping the secondary utiliza-

tion of the RF spectrum and its system performance evaluation is also discussed.

2.1 A Spectrum Pooling-based Cognitive Radio for

Flexible Wireless Communications

The demand for more spectral resources to support the growing number of
sophisticated applications of wireless radio devices and the number of wireless
mobile phone users is ever increasing. In the process of nding a solution for
supplying the limited spectral resources to the almost unlimited demand for more
spectrum, the Federal Communications Commission (FCC)’s spectral e ciency
working group made a key observation about the traditional spectrum allocation
policies. That is, allotting xed portions of the spectrum to the licensed users

causes a potential waste of the spectral resources since the licensed spectrum is



heavily underutilized over time and frequency [1]. Therefore a whole new policy
needs to be formulated wherein secondary utilization of the licensed spectrum can
be encouraged while ensuring that the system performance of the licensed user is
not compromised. This new policy is called \spectrum pooling".

The notion of \spectrum pooling™”, rst introduced in [4] is a mechanism for
pooling the spectral resources from di erent spectral owners and renting these
spectral resources to unlicensed users during idle periods. However, such a lease
of licensed spectral resources to rental users while providing additional revenue
to the licensed users brings forth many technological, jurisdicial, economic and
political questions concerning the regulatory aspects of spectrum pooling. The
technical challenges that need to be solved to make spectrum pooling practical
have been the research focus of numerous groups at universities all over the world.

Flexible pooling of the spectral resources is made possible by cognitive ra-
dio, an extension of software-de ned radio, which autonomously and dynamically
determines the appropriate transceiver parameters based on its interaction with
the environment, to enable secondary utilization of the spectrum [15]. Such a
radio that is cognitive towards the changing operating parameters has to employ
agile physical layer transmission techniques in order to respect the rights of the
incumbent licensed users, and recon gurable hardware that makes the adaptation
to changing environmental conditions feasible [16]. Moreover, a formal radio eti-
quette needs to be formulated, which is a framework to moderate the use of the
RF spectrum for guaranteeing the rights of the licensed users as well as for the

exible coordination between the unlicensed users. Some of the basic issues that

need to be considered with respect to the radio etiquette as outlined in [4] are:

The renting process: a customary sequence of events during which the

10



renter and the o erer communicate through a standardized signalling pro-

tocol regarding access to the unutilized portion of the licensed spectrum,

Assured polite backo to the authorized legacy radios: the process
in which the legacy system can reclaim the spectral resources, and the rental

system discontinues its use of the spectrum

Precedence and priority criteria: a formalized algorithm to guarantee

the availability of the spectrum to the users

An order-wire network: a knowledge exchange language for the sharing

of control information regarding the changing environment parameters.

An important issue in the renting process is the detection of the idle spectral
ranges by the rental user. This can be achieved by employing dynamic spectral
access (DSA) techniques, wherein the main objective is to reliably detect the idle
spectral ranges, while keeping the false alarm probability of identifying an idle
spectral range as occupied, to be low. A high detection probability is directly
related to the system throughput of the rental system, as this assures protection
of the rights of the licensed users to the spectrum they own, as well as a guarantee
to the rental system that idle spectral ranges are not left undetected.

A complete description and mathematical analysis of the topological properties
of the software-de ned radio (SDR) architecture is provided in [12]. A detailed
mathematical perspective of the principles that de ne the design of a SDR help
in characterizing the interfaces among hardware, middleware and higher level

software components that are needed for cost-e ective plug-and-play services.

11



2.2 An Overview of Orthogonal Frequency Division

Multiplexing (OFDM)

The mobile radio channel is contaminated with multipath fading, i.e., the
transmitted signal is re ected by various terrain sources and multiple re ected
copies of the signal arrive at the receiver at di erent times. These re ected,
delayed versions of the signal interfere with the direct line-of-sight (LOS) wave
and cause intersymbol interference (I1SI) which results in signi cant degradation
of the system performance. Even though adaptive equalizers can be employed at
the receiver to mitigate the e ects of ISI when the transmission data rate is of
the order of kilobits per second, such a setup would become extremely complex
and expensive when the transmission bit rate is of the order of several megabits
per second. To overcome the e ects of such a multipath fading environment, a
parallel data transmission scheme needs to be used which reduces the in uence of

multipath fading and makes the use of complex equalizers unnecessary.

2.2.1 Introduction

In a classical parallel data transmission system that uses frequency division
multiplexing (FDM), the carriers are spaced apart in frequency in such a way that
the signal carried by each carrier can be Itered and demodulated. This is done by
using guard carriers to avoid the spectral overlap of the channels, and hence, there
is a huge waste of the RF spectrum, resulting in ine cient use of the spectrum.
This situation is depicted in Figure 2.1 (a) [5]. However, it is possible to allow the
overlap of the individual subcarriers without leaving spectral guard bands, and
still be able to avoid the adjacent subcarrier interference. This is the case, when

the individual subcarriers’ center frequencies are orthogonal. In other words, if

12
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the symbol duration in time domain is T, then if the carrier spacing between
the individual subcarriers is a multiple of 1=T, there is no crosstalk between the
overlapping subcarriers. This is depicted in Figure 2.1 (b). From this gure, the
resulting bandwidth savings can also be observed.

Applying inverse discrete fourier transform (IDFT) and discrete fourier trans-
form (DFT) for modulation and demodulation processes respectively, as proposed
in the seminal paper [17] by Weinstein and Ebert, the OFDM signal spectrum
of a N = 8 subcarrier system is as shown in Figure 2.2. It can be observed

from this gure that, at the center frequency of each subcarrier, there is no in-
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Figure 2.2. OFDM signal spectrum of a N=8 subcarrier OFDM
transceiver using DFT

terference due to the other subcarriers, and hence the transmitted signal can be
recovered at the receiver by translating each center frequency to DC and applying
an integrate-and-dump operation. Moreover, with the advancements in the eld
of very-large-scale integration (VLSI) technology, a complete digital implementa-
tion of the OFDM transceiver can be built using special purpose hardware which
perform fast fourier transform (FFT), an e cient implementation of DFT.

The earliest development of a parallel data transmission system can be traced
back to 1958 [18] followed by the work by Saltzberg [19], Weinstein and Ebert [17]
and Hirosaki [20]. The number of applications involving OFDM has steadily in-
creased in the form of technologies like, wideband data communications over mo-

bile radio FM channels, high-bit-rate digital subscriber lines (HDSL; 1:6Mbps),

14



asymmetric digital subscriber lines (ADSL; 6Mbps), very-high-speed digital sub-
scriber lines (VDSL; 100Mbps), digital audio broadcasting (DAB), highde nition
television (HDTYV) terrestrial broadcasting, IEEE 802.11a/g and IEEE 802.16a [5].

The following subsections in this section give a brief overview of the di erent

basic principles concerning OFDM.

2.2.2 A general schematic of an OFDM-based cognitive radio

transceiver

In this subsection, the process of generating an OFDM signal and its charac-
teristics are explained with the help of the general schematic of an OFDM-based

transceiver [16] shown in g¢. 2.3.

M-ary Phase Shift Keying (MPSK) or an M-ary quadrature amplitude modula-
tion (M-QAM) modulator. The modulated data stream is then split into N slower
data streams using a serial-to-parallel (S/P) converter. Each of these streams is
transmitted on one of the N orthogonal subcarriers and then summed up to give
a composite OFDM signal. In a DSA environment, it is di cult to obtain a
contiguous block of spectrum. So, the subcarriers that are located in the bands
used for licensed user accesses are turned o . This decision is made by employing
dynamic spectrum sensing and channel access techniques. This information re-
garding the subcarriers that are being used for signal transmission is also sent to
the receiver. OFDM-based transceivers that are capable of deactivating the sub-
carriers based on the spectrum sensing methods are referred to as non-contiguous
OFDM (NC-OFDM)-based transceivers [2]. If, Xx:m , m = 0;1;::5N 1 rep-

resents the complex modulated symbol over subcarrier, m at the k-th instant of
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(b) A general OFDM-based receiver

Figure 2.3. A general schematic of an OFDM-based cognitive radio
transceiver

time, then one baseband OFDM symbol, multiplexing N subcarriers is given by,

1 ™ _
s(t) = N Xiemed? fmt 0<t<NT (2.1)

m=0

where T is the symbol duration and



are the equally spaced orthogonal subcarrier frequencies, f,,. In order to imple-
ment equation Eq. (2.1) requires in-phase and quadrature-phase matched Iter
banks. An alternate modulation practice is to perform T -spaced sampling of the
above OFDM symbol over both the in-phase and the quadrature-phase compo-

nents, which yields,

1 > _
s (nT) = N Ximed? fmnT 06n6N 1 (2.2)

m=0

This operation is nothing more than performing an inverse discrete fourier trans-
form (IDFT) [21] over Xy.m, Which was one of the key properties proposed by
Weinstein and Ebert in [17]. In the block diagram of Figure 2.3, this is performed
by the inverse fast fourier transform (IFFT) block, which is an e cient way of
performing IDFT.

Going back to the example of a N = 8 subcarrier system considered in Figure
2.2, the time domain representation will typically appear as shown in Figure 2.4
and the composite OFDM symbol as shown in Figure 2.5. An important problem
in transmitting the signal generated in the above equation is that the orthogonality
between the subcarriers is lost when transmitting through a dispersive channel. In
addition to the intercarrier interference (ICI) caused by this loss of orthogonality,
multiple delayed copies of the transmitted signal result in intersymbol interference
(ISI) between successive symbols. An intelligent way of dealing with this problem
is to attach a cyclic pre x to the OFDM symbol, a concept introduced in [22].
However, this cyclic extension of the OFDM symbol helps in combating the e ects
of dispersive channel as long as the channel delay is smaller than the cyclic pre x.
By the property of the cyclic convolution, discarding the cyclic pre x before taking

the FFT at the receiver eliminates the ISI. Nevertheless, the use of a cyclic pre X
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