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Abstract

In today’s scenario, radio spectrum is becoming scarce, and the intelligent use of the available
spectrum by cognitive radio (CR) has become an important aspect of research in wireless com-
munication. To cope with this huge demand for spectrum, regulatory bodies (such as FCC in the
USA, BNetzA in Germany, and Ofcom in the UK) have recently opened up licensed spectrum
for secondary unlicensed access. Unlicensed access in licensed bands should not create interfer-
ence to incumbent users, and hence, new physical layer (PHY) designs and waveforms are being
researched, which can fill in the TV white spaces (TVWS) in an opportunistic manner. One of
the strict specifications for CR physical layer modulation design is that the opportunistic signal
should have extremely low out-of-band radiation, so that incumbent signals are not disturbed,
and co-existence is assured. Moreover, to cope with spectrum fragmentation, the receiver should
be able to aggregate several TV white spaces (TVWS) by a single wide band signal. Hence, in-
novative waveform design with a new multicarrier modulation capable of interference mitigation

has emerged as a very important topic of research.

The multiband Generalized Frequency Division Multiplexing (GFDM) is a new idea for designing
a multicarrier PHY. GFDM is block based multicarrier transmission scheme derived from filter
bank approach where the transmit data of each block is distributed in time and frequency and
each subcarrier is pulse shaped with an adjustable pulse shaping filter. GFDM is well suited for
cognitive radio, as the choice of pulse shaping filters makes the out-of-band leakage extremely
small. Compared to OFDM, which has rectangular pulse shaping, GFDM with a choice of trans-

mit pulse shaping, causes lesser interference to the adjacent incumbent frequency bands.

The thesis introduces the concept of GFDM and extends it towards cognitive radio applications.
The basic GFDM transceiver chain is described in detail along with all its intricacies. The
thesis analyses the adjacent channel leakage ratio of GFDM and compares them with traditional
OFDM and other new waveforms like filter bank multi-carrier (FBMC) and interference avoidance
partition frequency technique (IAPFT). The thesis studies the effects of different pulse shaping
filters, like raised cosine and root raised cosine filters, to out of band leakage, and also, to the bit
error rate performance. The thesis studies the adjacent channel leakage ratio (ACLR) of GFDM
and introduces the concept of cancellation carrier insertion to GFDM. This method reduces the
out of band leakage to match that of FBMC.

In a cognitive radio application, sensing the opportunistic signal is extremely important. To-
wards this, the thesis studies the sensing performance of GFDM. Along with theoretical analysis,
simulation methods are explained and numerical studies have been performed. The thesis also
introduces the idea of sensing opportunistic signals with GFDM sharper filters with a significant

gain in performance.

Along with sensing, feature detection of an opportunistic signal is also an interesting and invig-
orating study. The thesis details the study of cyclostationary properties of GFDM and identifies
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new correlative properties in the GFDM signals which give rise to additional cyclostationary
peaks in the cyclostationary autocorrelation function. The thesis uses these additional peaks of
correlative informations to improve the detection performance of a GFDM signal compared to
OFDM.

The concept of GFDM data block and flexible pulse shaping filters to reduce the ACLR, however,
introduces severe non-orthogonality between the subcarriers. This in-turn produces self interfer-
ence which degrades the bit error rate (BER) performance of the GFDM system. The thesis
implements a successive interference cancellation scheme which cancels out the self interference
and matches the GFDM performance to theoretical studies and that of OFDM.

The thesis also describes an experimental testbed for GFDM as a cognitive radio waveform in
a 4G LTE cellular whitespace. The GFDM waveform is transmitted with SIGNALION SDR
testbed, and interference to the legacy LTE signal is calculated. Apart from which, a sensor,
which proves the spectral efficiency of sharper GFDM waveform compared to traditional OFDM,
has also been implemented. The prototype implementation proves the validity of GFDM as a
suitable candidate for CR access beyond doubt.

As a major outcome, the results clearly indicate the suitability of GFDM as an opportunistic
waveform for application in fragmented TVWS cognitive radio environments. The thesis studies
the applicability of GFDM in cognitive radio not only in respect to its out of band leakage but
also to its robust sensing performance. The new results of low ACLR in GFDM and improved
sensing performance for GFDM makes it very suitable for CR applications. Additional correlative
properties found in its cyclostationary autocorrelative functions improves its detection perfor-
mance and also hints at ease of synchronization of GFDM in this direction. The results from the
thesis highlights the overall applicability and suitability of GFDM as a next generation flexible

waveform for cognitive radio application in fragmented spectrum scenarios.



Zusammenfassung

In heutigen Mobilfunkanwendungen ist Bandbreite eine knappe Resource und die intelligente
Nutzung des verfiigbaren Spektrums durch Cognitive Radio (CR) Systeme ist zu einem bedeu-
tenden Aspekt der Erforschung drahtloser Kommunikation geworden. Um den hohen Bandbreit-
nanforderungen nachzukommen, haben Regulierungsbehorden (z.B. FCC in den USA, BNetzA
in Deutschland und Ofcom in Grofbritannien) seit Kurzem fiir Mobilfunk lizensierte Frequenzen
fiir eine weitere Nutzung durch unlizensierten Zugriff freigegeben. Unlizensierter Zugriff in lizen-
sierten Frequenzbéandern sollte keine Interferenz fiir die existierenden Nutzer erzeugen, wodurch
ein neuer Entwurf der physikalischen Schicht (PHY) samt Wellenform zu einem Forschungsschw-
erpunkt geworden ist, insbesondere um TV White Spaces (TVWS) in geeigneter Weise zu nutzen.
FEines der strengsten Kriterien des CR-Modulationsentwurfs ist eine extrem niedrige Aufierband-
strahlung, so dass existierende Signale nicht gestort werden und gleichzeitiges Bestehen von ur-
spriinglichen und opportunistischen Signalen sichergestellt wird. Um mit der Fragmentierung
des Spekturms umgehen zu kénnen sollte der Empfanger in der Lage sein, mehrere TVWS
in ein einziges Breitbandsignal zusammenzufiigen. Dabei hat sich ein innovativer Wellenform-
entwurf mit einer neuartigen interferenzunterdriickenden Mehrtragermodulation als ein bedeut-

sames Forschungsfeld herausgestellt.

Generalized Frequency Division Multiplexing (GFDM) ist eine neue Idee fiir den Entwurf eines
Mehrtrager-PHY. GFDM ist ein blockbasiertes Mehrtrégeriibertragungsschema, das vom Filter-
bankansatz abgeleitet wurde. Bei diesem Schema sind die iibertragenen Daten eines jeden Blocks
in Zeit und Frequenz verteilt und jeder Untertrager wird mit einem verénderlichen Pulsformungs-
filter gebildet. GFDM ist gut geeignet fiir CR, da die geeignete Wahl der Pulsformungsfilter die
Auferbandstahlung extrem gering halten kann. Verglichen mit Orthogonal Frequency Division
Multiplexing (OFDM), welches Rechteckpulsformung verwendet, verursacht GFDM mit der Wahl

der Pulsformung weniger Interferenz fiir bestehende Frequenzbéander.

Diese Dissertation fithrt das Konzept von GFDM ein und erweitert es auf CR, Anwendungen. Die
grundlegende GFDM Ubertragungsstrecke wird in ihren Feinheiten detailliert beschrieben. Diese
Arbeit analysiert das Nachbarkanalstorungsverhéltnis (Adjacent Carrier Leakage Ratio - ACLR)
von GFDM und vergleicht es mit traditionellem OFDM und anderen Wellenformkonzepten wie
Filter Bank Multi-Carrier (FBMC) und Interference Avoidance Partition Frequency Technique
(IAPFT). Es wird der Effekt von verschiedenen Pulsformungsfiltern wie Raised Cosine und Root
Raised Cosine auf die Auerbandstrahlung und die Bitfehlerrate untersucht. Neben der Analyse
des ACLR von GFDM wird in dieser Dissertation das Konzept des Cancelation-Carrier-Einschubs
fiir GFDM vorgestellt, welches die Auferbandstrahlung auf den Wert von FBMC reduziert.

In einer CR Anwendung ist es sehr wichtig, das opportunistische Signal aufzuspiiren (Sens-
ing). Dementsprechend wird in dieser Arbeit die Sensing-Leistungsfiahigkeit fiir GFDM unter-
sucht. Neben theoretischen Analysen werden Simulationsmethoden erklart und numerische Un-
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tersuchungen durchgefithrt. Weiterhin wird die Idee, opportunistische Signale mit schérferen
GFDM Filtern aufzuspiiren préasentiert, wodurch ein bedeutender Gewinn an Leistungsfahigkeit

erzielt wird.

Neben Sensing ist die Merkmalsdetektion eines opportunistischen Signals ebenfalls eine interes-
sante und vielversprechende Studie. Diese Arbeit beschreibt die Untersuchung zyklostationérer
Eigenschaften von GFDM und identifiziert neue iibereinstimmende Merkmale von GFDM Sig-
nalen, welche zusétzliche Maxima der zyklostationdren Autokorrelationsfunktion hervorrufen.
Diese Maxima iibereinstimmender Informationen werden in dieser Arbeit verwendet, um die
Leistungsfahigkeit der Detektion eines GFDM Signals im Vergleich zu einem OFDM Signal zu

verbessern.

Das Konzept von GFDM Datenblocken und flexiblen Pulsformungsfiltern zur Reduktion des
ACLRs bringt jedoch starke Nichtorthogonalitdten zwischen Untertridgern mit sich. Dies verur-
sacht Eigeninterferenz, welche die Bitfehlerrate eines GFDM Systems erhoéht. In dieser Arbeit
wird ein Successive Interference Cancelation Schema realisiert, welches die Eigeninterferenz be-
seitigt und die Leistungsfihigkeit von GFDM mit theoretischen Studien in Ubereinstimmung
bringt und somit an jene von OFDM anpasst.

Die vorliegende Arbeit beschreibt einen Versuchsaufbau zur experimentellen Uberpriifung ausge-
suchter theoretischer Ergebnisse. GFDM wird dabei als sekundéres Cognitive Radio in einem 4G
LTE System eingesetzt. Wahrend LTE mithilfe dezidierter Hardware emuliert wird, kommt fiir
GFDM eine flexible Software-Defined-Radio-Plattform zum Einsatz. Dieser Aufbau erlaubt es
den Einfluss von GFDM bzw. OFDM auf ein priméres LTE - System zu untersuchen. Ein Spek-
trumanalysator zeigt die bessere spektrale Effizienz von GFDM gegeniiber OFDM und bestétigt
somit GFDM zweifelsfrei als geeigneten Kandidaten fiir CR-Zugang.

Als wesentliches Resultat dieser Dissertation zeigen die Ergebnisse eindeutig die Tauglichkeit
von GFDM als opportunistische Wellenform fiir Anwendungen in fragmentierten TVWS-CR-
Umgebungen. Die Arbeit untersucht nicht nur die Anwendbarkeit von GFDM beziiglich Aufser-
bandstrahlung sondern auch hinsichtlich seiner robusten Sensing-Leistungsfahigkeit. Die neuen
Ergebnisse von geringem ALCR fiir GFDM und der verbesserten Sensing-Leistungsfahigkeit un-
termauert die Eignung von GFDM fiir CR Anwendungen. Zusétzliche iibereinstimmende Merk-
male, welche in der zyklostationdren Autokorrelationsfunktion gefunden wurden, verbessern die
Detektionsleistungsféahigkeit und weisen auf eine mogliche Vereinfachung der Synchronisierung
fir GFDM hin. Die Ergebnisse dieser Dissertation unterstreichen die allumfassende Anwend-
barkeit von GFDM als die Wellenform der néchsten Generation fiir CR Anwendungen in Szenar-

ien mit fragmentiertem Spektrum.
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Chapter 1

Introduction

Radio frequency spectrum is a scarce resource in wireless communications. With proliferation of
large screen smart wireless devices, innovative services and growing number of mobile users, a
huge demand for radio spectrum has made this scarcity more stark. To cope with this, regula-
tory bodies like the Federal Commission for Communication (FCC) in the US and the Electronic
Communications Committee within the Furopean Conference of Postal and Telecommunica-
tions Administrations (ECC CEPT) in Europe have recently published some regulatory rules
to make the unused spectrum in the TV bands available for unlicensed broadband wireless de-
vices [FCC10], [FCC11]|. Spectrum utilization at any given location, frequency, and time is highly
inefficient |[AIM10] and interest in allowing opportunistic users to access licensed spectrum has
been growing tremendously among regulatory bodies (e.g. FCC in US and Ofcom in UK) and
standardization groups such as IEEE802.16h, IEEES802.11af, P1900.4a, etc [ALVMO6].

1.1 Cognitive Radio in White Space

Since Cognitive Radio (CR) was defined in 1999 by Joseph Mitola III [MM99], there has been ex-
tensive research on its application and on related enabling techniques [WGC11]. One of the most
promising applications of cognitive methods is opportunistic spectrum access [ALVMOS|, [ZP05].
Opportunistic access in licensed frequency bands should be controlled such that they do not cre-
ate any harmful interference to legacy primary licensed users, and hence, novel PHY waveform
designs have been identified as a key requirement of cognitive radio [Tan05|, [CB05]. Opportunis-
tic users will be allowed to transmit data over the frequency spectrum when incumbent users, or
other opportunistic users, are inactive. The opportunistic PHY should be extremely sensitive to

detect even the weakest incumbent signal.

A traditional orthogonal frequency division multiplexing (OFDM) system can initially be thought
of as a natural choice for a multicarrier cognitive radio PHY. Although OFDM offers ef-
ficient equalization |[FABSE02|, [SKJ95|, [WGO00] and is very robust to frequency selective
channels [JCC99], [VALM™*01], it is not well suited for next generation cognitive radio wave-
form designs. In presence of carrier frequency offsets, the orthogonal subcarriers of OFDM
are extremely vulnerable to interference which makes the entire OFDM system very sensi-
tive [CTY04], [MTGBO1]|, [RB05]. OFDM with rectangular pulse shaping has quite high out
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of band leakage which makes it unsuitable for cognitive radio applications in fragmented white
space applications [GLAG10], [Sch10], and the requirement of a cyclic prefix limits its spectral
efficiency [CGNTO7]. New multicarrier schemes are being investigated, and among them, filter
bank multicarrier (FBMC) [BRIdR10], [MLRR"12] is extremely popular. FBMC with its pro-
totype filter can satisfy regulatory requirements in its out of band leakage performance but,
without a cyclic prefix, it suffers from severe limitations in the synchronization front [FPT08|.
The multiband generalized frequency division multiplexing (GFDM) is a relatively new idea for
designing a multicarrier PHY [FKB09|, [DMLF12]. With flexibility of pulse shaping and a tail-
biting cyclic prefix, GFDM shows interesting properties which make it extremely suitable for CR
applications in fragmented spectrum.

1.2 Thesis Outline and Contribution

This thesis details the development of a new flexible multicarrier modulation scheme called gener-
alized frequency division multiplexing (GFDM). GFDM is block based multicarrier transmission
scheme derived from the filter bank approach where transmit data of each block is distributed
in time and frequency, and each subcarrier is pulse shaped with an adjustable pulse shaping
filter. GFDM is well suited for cognitive radio, as the choice of pulse shaping filters makes the
out-of-band leakage extremely small. Compared to OFDM, which has rectangular pulse shap-
ing, GFDM with a choice of transmit pulse shaping causes lesser interference to the adjacent
incumbent frequency bands. This pulse shaping technique improves the adjacent channel leak-
age ratio (ACLR) of the GFDM system by around 20 dB. Another feature of GFDM is a tail
biting cyclic prefix (CP). This feature is useful in cyclostationary detection [PDF12|, [DPF12].
Compared to FBMC, which has no cyclic prefix, GFDM, with its shortened CP, could address
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the synchronization issues that were problematic in FBMC [FPT09].

The contributions of the thesis is summarized below. The transceiver chain is described here in
detail. The application of GFDM in cognitive radio is studied and various performance metrics
are evaluated. The adjacent channel leakage ratio of GFDM is evaluated and improved. Sensing
an opportunistic waveform is an important function in a cognitive radio; and therefore, GFDM
sensing performance is analysed and evaluated. GFDM with its tail biting cyclic prefix has in-
teresting cyclostationary properties. These have been studied for the first time and utilized to
improve GFDM waveform detection. GFDM with its pulse shaping flexibility introduces self
intercarrier interferences between adjacent subcarriers. A novel double sided interference cancel-
lation scheme has been implemented to improve the bit error performance of GFDM. All these
studies, undertaken for the first time, examine the suitability of GFDM as a next generation

cognitive radio PHY.
The outline of this thesis is as follows: In Chapter 2, we introduce OFDM principles and ex-

plain the essential building blocks. We evaluate the performance of OFDM as a cognitive radio
opportunistic waveform and introduce other flexible waveforms like filter bank multicarrier mod-
ulation (FBMC) [IVSR10b|, [VIST06], and interference avoidance partition frequency technique
(IAPFT) [QWJ10], [HH09] [FA12], [Yam04]. We also introduce the basic GFDM transceiver sys-
tem model and explain its intricacies. Chapter 3 analyses the adjacent channel leakage ratio of
GFDM and explores methods to improve them further. In Chapter 4, the sensing performance
of GFDM is detailed. Simulation methods are explained. We also introduce the idea of sensing
with GFDM sharper filters with a significant gain in performance. Chapter 5 details the study
of cyclostationary properties of GFDM and uses them to improve the detection performance
compared to OFDM. Chapter 6 investigates interference cancellation procedures, and robustness
of the GFDM system to carrier frequency offset. The final contributory Chapter 7 details the
validation of opportunistic GFDM CR access in an LTE experimental hardware testbed. The

conclusion is given in Chapter 8 which also details the future work to be done.
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